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Abstract
The studies herein report on a comprehensive study into the thermoluminescent
properties of silica beads, including a variety of beads by; colour, finish and
manufacturer as well as irradiation from different sources. The majority of studies
have been conducted for 10 different bead colours from the manufacturer Toho Japan,
with Pink and Frosted beads showing the most reliable properties when considering
thermoluminescent dosemetry characteristics and the highest degree of adherence to
applying fits to numerous data sets.
The material composition of all bead types has been attempted using EDS and
WDS techniques, as well as attaining images of the bead surfaces using SEM. It was
also determined through EDS, acid cleaning and annealing that Pink beads are dyed to
obtain their colour leaving them clear and colourless after preparation for irradiation.
Spectrophotometer studies confirmed that Pink and Frosted beads had the largest
transmission % across the detection range of the Risø TL/OSL reader, used for the
readout of the TL response, for all colours. The suggested range of luminescence was
found to be 250 nm to 300 nm, based on the relative TL responses for different bead
colours.
The TL studies conducted firstly determined glow-curve parameters such as; the
activation energy, E, the order of kinetics, b, and the frequency factor s. Secondly,
dosemetric qualities were evaluated such as; homogeneity, reproducibility, dose
response and fading. Additional studies such as residual TL responses for the
possibility of TL dosimetry were investigated and initial studies into the TL response
for neutron irradiation.
An interesting observation was the change in colour of beads with increasing dose,
this was studied and an attempted characterisation made, limited by the current
experimental technique and set-up. However, the foundations laid by this study show
potential for an aiding tool for TL dosemetry or a novel dosemetry technique.
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Chapter 1
Introduction
Ionising radiation is widely used in the treatment and diagnosis of patients in the
medical field, the two main uses of radiation are radiotherapy and diagnostics.
Radiotherapy is the use of ionising radiation to treat cancerous tissues in a patient.
The way the radiation is delivered to the patient varies depending on the type of
cancer that is being treated, however, in almost all cases the tissue surrounding the
cancer tissue is exposed to the radiation to ensure that the entirety of the cancerous
tissue is treated.
Diagnostics make use of penetrating radiation types to diagnose with in the body
for example; X-rays used for bone and dental diagnostics and Computed Tomography
(CT) scans and gamma rays detected in Positron Emission Tomography (PET) scans.
It is important that the exposure to surrounding tissue is minimised to reduce the
risk of developing further complications due to the radiotherapy. For improvements to
be made to the health of patients post-treatment, a greater knowledge of the affect the
ionising radiation has on surrounding tissues to structures of interest is needed; this
proposes an in vivo measurement of the radiation received by the patient during
radiotherapy. (O’Keeffe et al., 2015). In vivo dosimetry techniques already exist, such
as; Metal Oxide Semiconductor Filed Effect Transistor (MOFEST), Diodes,
scintillation detectors and the interest of this research luminescent dosimetry from
silica based materials.
In recent years interest has grown in using doped silica materials as dosimeters,
most generally for medical applications (Jafari et al., 2014a; Abdul Sani, 2014)
including for in vivo dosimetry (O’Keeffe et al., 2015; Mizanur Rahman et al., 2015).
It has been identified that doped silica materials possess properties suitable for
electron trapping when exposed to ionising radiation. These electrons can then be
released from the coulomb traps by means of excitation, either with heat or light. The
means of excitation in this study is the release of electrons using heat, a process
called thermoluminescence. Conversely there are also other means of treating the
material to obtain a luminescent response such as Optically Stimulated
Luminescence (OSL) and Radio-Luminescence (RL), such that under the right
conditions both of these techniques can be used in order to gather information about
doses resulting from irradiation. While many luminescence dosimetry studies focus
on the thermoluminescent characteristics of these materials (Alawiah et al., 2017;
1
Rozaila et al., 2015; Jafari et al., 2014b), other such investigations point to developing
the possibility of online dosimetry using OSL and RL (Mizanur Rahman et al., 2016;
Woulfe et al., 2013 ).
Previous studies have shown detectable TL responses for commercially available
silica beads (Jafari et al., 2014b), thus said continuation of this work examines the
extent to which the finish of the various beads affects the TL response, also of the
homogeneity of response. In present efforts, it is to be noted that all characterisation
has been made using one of the most modern designs of TL/OSL readers. The
previously used TLD readers for silica bead studies have been HARSHAW and
TOLEDO readers, now surpassed by new detector systems that are capable of reading
more than one sample at a given time, exemplified by the Risø TL/OSL reader.
1.1 Motivation
There are several advantages to using silica beads as dosimeters compared to more
traditional dosimeters, such as phosphors, due to size, robustness and chemical
inertness. Silica materials are and their performance as a dosimeter is unchanged by
humidity, unlike phosphor based dosimeters, meaning that they are more versatile in
the applications they can be used for - opening up the possibility of in vivo dosimetry.
Silica beads have the potential to be used as Thermo-luminescent Dosimeter (TLD)
material for medical purposes as they are small, i.e. they can fit within the tissue of
the patient while receiving a dose (either during therapy or diagnostics) (Woulfe et al.,
2016), or a string of beads could be used as a high spatial resolution map of a larger
area or volume.
The doped silica beads, materials that are widely available in craft shops for
jewellery purposes, are of particular interest for use as dosimeters for a number of
reasons. Firstly, unlike the doped silica optical fibres that are often tailor made or
altered before use as a dosimeter (Bradley et al., 2014), the beads are produced
commercially and are only required to be prepared for TL dosimetry using elementary
surface treatments. As they are commercially produced on a large scale they are also
cheap to purchase and can be ordered in bulk quantities. Thirdly, while the size and
geometry of the beads is such that they can still provide high spatial resolution
dosimetry, they are clearly easier to handle than doped silica fibres.
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1.2 Original Contribution
“What are the fundamental thermoluminescent properties of silica beads
and their characterisation as dosemeters?”
An effective approach to the vast possibilities in answering this research question
is to gain a more profound understanding of the dosemeter. The research herein
focuses on an enhanced comprehension of the origin of the luminescent response of
commercially manufactured silica beads. The investigations of the material
compositions of the beads focus on the attenuation of light and the elemental
composition of beads. These studies explore the possible origins that provoke the
luminescence exploited in dosemetry techniques.
The characterisation of the beads as dosemeters is achieved by studying different
TL qualities, the behaviour of which being unique for different dosemeters. These
studies include TL responses from varying types of radiation sources and dose ranges.
The beta irradiation studies are proposed to study the possibility of the beads being
used for in vivo applications, in the range of 5 Gy to 20 Gy. The viability of using the
beads outside of a medical application is also to be considered with the irradiation of
beads using high energy electron beams such as the Alurtron facility (Agensi Nuklear
Malaysia, 2017), in the range of 1 kGy to 250 kGy. As well as investigating the TL
responses as a function of dose and storage time (known as fading) and residual TL
responses; achieved by applying a 2nd read-out after the 1st traditional read-out. The
maximum storage time investigated for fading studies was 16 months, with intervals
of fading studied in this time period; this storage time also applies to the fading of
residual TL responses. Extensions of some studies have led to the potential for a new
dosemetry technique for this material whereby the change in colour, indicative of
radiation damage, could be used to determine the absorbed dose.
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Chapter 2
Theory
The principle of measuring a dose of received radiation in the silica based material
is due to a phenomena known as luminescence; the magnitude of luminescence from
the material should be proportional to the radiation it has been exposed to and can
be calibrated using a standard. This phenomenon is reliant on the interactions the
ionising radiation has with the material, for which there are several processes that can
occur. There are also several luminescent techniques to record the radiation absorbed
and readers specifically designed for these processes.
2.1 Interactions with Matter
There are many processes that can occur when ionising radiation interacts with matter,
these can cause single events or go on to produce secondary and tertiary events. The
processes that occur vary depending on the type of ionising radiation, the energy it
is carrying and the atomic number of the absorber material, as shown in Figure 2.1,
for the case of photons. The three major interactions occurring between photons and
matter are discussed in this Section first, leading to the effects that electrons have with
matter either by primary or secondary (and further) events.
It should be noted that the coefficients defined in this Section 2.1, are defined solely
for this section; some coefficients are re-defined for different equations specific to the
field of research and have been kept uniform to the definitions in literature.
2.1.1 Photoelectric effect
The photoelectric effect is a process that occurs between an electron and a photon. The
photon is absorbed by an atom which releases a photoelectron from one of the bound
shells, as shown in Figure 2.2.
The energy of the released photoelectron, Ee− , is calculated by;
Ee− = hν−EB (2.1)
where h is Planck’s constant, ν is the frequency of the electromagnetic radiation
incident to the atom and EB is the binding energy of the photoelectron in its original
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Figure 2.1: Graph showing the dominant interaction with matter for electromagnetic
radiation for a range of energies of photons and atomic number of absorber
material (Knoll, 1979).
Figure 2.2: Diagram showing the photoelectric effect with the incident photon of
frequency, ν, ejecting an electron from orbit with a resulting energy of, Ee− .
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shell (Knoll, 1979).
2.1.2 Pair Production
Pair production occurs when a high energy photon, with energy E and frequency ν,
enters the coulomb field of a nucleus. For the process to occur the energy of the photon
must be greater than twice the rest mass energy of the resulting matter and anti-
matter pair, for example a photon creating an electron-positron pair would require an
energy greater than 1.02 MeV as the rest mass of each is 511 keV. Any residual energy
results in the kinetic energy of the pair produced, as displayed in Figure 2.3. The
probability of pair production occurring is very low until energies of approximately 4
times the rest mass of an electron, see Figure 2.1
Figure 2.3: Diagram showing pair production with the incident photon of frequency, ν,
creating an electron-positron pair.
2.1.3 Compton Scattering
Compton scattering occurs due to a photon incident on an electron in the material,
Figure 2.4, this is the most common interaction for gamma rays with energy typical of
radioisotope sources.
The process occurs when an incident photon is deflected from its original direction
to a new path by an angle θ with reduced energy, due to the original photon
transferring some of its energy to an electron. This electron then recoils from its
original position. The energy it gains is dependent on the scattering angle detailed in
Equation 2.2, where m0c2 is the rest mass of an electron (511 keV), assuming that the
electron initially has negligible kinetic energy.
hν′ = hν
1+ hνm0c2 (1−cosθ)
(2.2)
For small scattering angles, a small amount of energy is transferred. The
probability of Compton scattering per atom increases with atomic number, Z, as there
are more scattering targets available.
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Figure 2.4: Diagram showing the process of Compton scattering with the incident
photon of frequency, ν, and the deflected photon of frequency, ν’.
2.1.4 Attenuation
Attenuation refers to the reduced number of photons, from a source of a given
number, that have travelled through a material of thickness, t, and is measured by
the linear attenuation coefficient µ. The linear attenuation coefficient is determined
by the mean free path λ, where x is the distance travelled by the photon, Equation 2.3
or the probability of the photon being removed from the beam by different interactions
with matter per unit path length, Equation 2.4. These interactions are most likely to
be; the photoelectric effect, pair production or Compton scattering, as remaining
interaction types have negligible cross sections for purposes discussed in this work.
λ=
∫ ∞
0
xexp(−µx)dx∫ ∞
0
exp(−µx)dx
= 1
µ
(2.3)
µ= τ(photoelectric)+%(compton)+κ(pair) (2.4)
where τ,% and κ are the probabilities of each effect (photoelectric, compton or pair)
occurring to a photon when travelling through the absorber material. The total number
of photons incident, I0, and the number of photons that move through the absorber is
hence given as;
I
I0
= e−µt. (2.5)
The use of the linear attenuation coefficient is somewhat limited as the density of
the absorber affects the path length of the photon, hence the mass attenuation
coefficient is more widely used and defined as;
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Mass attenuation coefficient= µ
ρ
(2.6)
where ρ is the density of the absorber material. The mass attenuation coefficient of
a multi-element mixture or compound can be determined by;(µ
ρ
)
c
=Σiwi
(µ
ρ
)
(2.7)
where wi represents the weight fraction of the element i in the mixture or
compound (Knoll, 1979). The weight fraction for a compound is defined as
wi = ni A i
Σini A i
with ni being the number of molecules in the empirical mass formula for the compound
of element i and A i corresponding to the mass of element i (Akça & Erzeneog˘lu, 2014).
2.1.5 Stopping Power
The stopping power for a charged particle is the energy lost per unit length in the
material, −dEdx , this is a likely interaction for beta irradiation to have with a solid
crystalline structure which can go on to create secondary events such as
bremsstrahlung radiation. The stopping power of an absorber is typically expressed
by the Bethe formula;
− dE
dx
= 4pie
4z2e
mov2
NB (2.8)
with
B= Z
[
ln
(
2m0v2
²
)
− ln
(
1− v
2
c2
)
− v
2
c2
]
where v and ze are the velocity and charge of the primary particle, N and Z are the
number density and atomic number of the absorber, m0 is the rest mass of the particle
and e is the electronic charge. The parameter ² represents the average excitation and
ionisation potential of the absorber material. For non-relativistic particles only the first
term in the definition of B is significant to the calculation, for relativistic particles such
as MeV beta decay electrons the whole definition of B is required. The Bethe formula
fails at low energies due to coulombic interactions between the particle and absorber,
it will hold if the velocity of the interacting particle remains significantly larger than
that of the orbiting electrons in the absorbing atoms (Cameron, 1968).
2.1.5.1 Linear Energy Transfer (LET)
For the case of denoting the stopping power as Linear Energy Transfer (LET) and
discussing its relevance let the LET be defined as;
L= dE
dx
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where L is the collision stopping power, dE is the mean energy lost by a charged
particle per incremental distance dx in an absorber. There are two distinctions of LET;
frequency distribution and dose distribution, where D(L) is the distribution function
of the absorbed dose from specified particles of LET not greater than L and F(L) is the
distribution function defined as the fraction of total track length and LF is the mean
track length.
The frequency distribution is defined by the total path length of the charged particle
or in terms of the fluence, with the fraction of total track length F(L) described as;
F(L)= φL
φ
(2.9)
where φ is the total fluence and φL is the fluence of particles with LET not exceeding
L. It is necessary to calculate LET in terms of mean quantities, particularly when
calculating for electrons, as it can be unclear whether to include secondary electrons
in definitions. To avoid this only LET particles that exceed a certain threshold energy
are considered.
The dose distribution of LET, D(L) , is defined by the fraction of absorbed dose
delivered by particles of specified LET, not larger than L;
D(L)= DL
D
where D is the total absorbed dose and DL that due to particles with LET not exceeding
L. LET is an important physical calculation in radiotherapy and microdosimetry when
considering single event distributions (Kase et al., 1985).
2.1.6 Bremsstrahlung
Bremsstrahlung radiation occurs when a charged particle interacts with matter,
leading to a change in acceleration, as any charge must radiate energy while being
accelerated. Electrons release X-rays when interacting with an absorber, this
radiative loss, −( dEdx )r, is referred to as bremsstrahlung radiation. The
bremsstrahlung spectrum produced is directly proportional to the energy of the
interacting electron, E, and the atomic mass, Z, squared of the absorber material,
Equation 2.10.
−
(dE
dx
)
r
= NEZ(Z+1)e
4
137m20c
4
(
4ln
2E
m0c2
− 4
3
)
(2.10)
This interaction is likely to occur as a secondary event due to the interaction of
accelerated electrons produced by electron beams as well as high energy beta decays.
2.1.7 Neutron Interactions
Neutrons can travel through 10−1m of a material before interacting as they will only
interact with the nucleus of the material as they are neutrally charged particles. This
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interaction results in one of two effects; either the neutron is captured by the nucleus
with secondary radiation released; or the energy and/or direction of the neutron is
altered.
Thermal and fast neutrons can interact by elastic scattering and neutron capture.
Fast neutrons produce recoil nuclei through neutron capture by elastic scattering and
thise with sufficiently high energies can interact by inelastic scattering, this ultimately
produces a gamma photon as a secondary event (Knoll, 1979).
2.1.7.1 Elastic Scattering
Elastic scattering describes the scattering of the neutron wehre both momentum and
kinetic energy of the system are preserved. This process can occur by two
mechanisms; potential scattering or resonance elastic scattering. Potential scattering
describes the scattering the neutron experiences by the weak interacting force
between the neutron and nucleus, without the neutron physically coming into contact
with the nucleus. However, the resonance elastic scattering mechanism results in a
compound nucleus, if the kinetic energy of the neutron creates a resonance.
For light nuclei potential scattering is dominant for the majority of energies though
compound-elastic scattering will begin to take place as the energy increase; this emergy
lowers the heavier the nuclei (Hussein, 20017). The elastic scattering cross section for
almost all elements is within 2 and 20 barns (Nuclear Power, 2015).
2.1.7.2 Innelastic Scattering
Inelastic scatteiring differs from elastic scattering as the incident neutron transfers
energy to the target nucleus and reaches an excited state during the collision as the
neutron is absorbed to form a compound nucleus. The relaxation of this compound
nucleus releases a neutron with lower kinetic energy than the one it absorbed,
remaiining in an excited state untill a gamma photon is emitted for relaxation to the
ground state to occur. In innelastic scattering the momentum of the system is
conserved however kinetic energy is not for this reason it is an important mechanism
utilised in reducing the energy of high energy neutrons. The innelastic scattering
cross section for light nuclei (low atomic number, Z) is relatively small, for these
nuclei elastic scattering is more likely (Nuclear Power, 2015).
2.1.8 Doses
A dose is defined as the energy transferred for ionising radiation to a given mass of
matter, this can further be defined as absorbed, equivalent and effective dose. The
absorbed dose, D defines the energy deposited, ED , in a defined volume of matter, ∆m
by ionising radiation,
D = ∆ED
∆m
(2.11)
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measured in the unit gray (Gy), defined by 1 J energy deposited per kg of mass,
1 Gy = 1 J kg−1. The equivalent dose, Hti measures the biological damage to a tissue
type and the type of radiation
Hti =
∑
R
WR ×Dti,R (2.12)
where R is the type of radiation, WR is the radiation weighing factor and the
subscript ti represents the tissue type, so Dti,R is the absorbed dose (in Gy) for the
tissue type ti and radiation type R. Though the units for absorbed dose are Gy, the
units used to measure both the equivalent and effective dose are sieverts (Sv),
1 Sv = 1 Gy × WR .
The effective dose, HE defines the biological damage of the whole-body for different
body parts due to different types of radiation. It is reliant on the effective dose, Hti,
and defined as
HE =
∑
T
WT ×Hti (2.13)
where WT is the tissue weighting factor for the organs and tissues exposed to the
ionising radiation (Bradley, 2015).
2.1.9 Delivering Doses
There are two types of doses that can be measured when referring to the energy
deposited within an absorbing material by means of ionising radiation; absolute dose
and relative dose. An absolute dose is one which records the exact dose received by
the absorbing material. In terms of dosimetry this requires a calorimetric method of
measurement or, more recently, measurement using an air-filled ionisation chamber
with the possibility of cross referencing to other calibrated detectors. These require a
calibrated detector traceable to a primary standard.
A relative dose is a more common measurement as in many laboratory and clinical
measurements it is not necessary to know the exact exposure but a comparison
between two measurements is sufficient. Relative dose determinations can often
replace absolute dosimetry techniques with proper design and care in the
experimental procedure (Cameron, 1968)
2.1.9.1 KERMA
Kinetic Energy Release in Medium (KERMA) represents the kinetic energy
transferred to a given mass where there are no corrections for energy losses after the
interaction. It is calculated by
K = ∆Ek
∆m
(2.14)
where K represents KERMA, Ek is the sum of initial kinetic energy of all charged
particles involved in the interaction and m is the mass of said volume.
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2.1.9.2 Charged Particle Equilibrium
This occurs when the energy carried by a particular charged particle is deposited at a
point in a given volume, is equal to that of the energy released from that point by an
identical charged particle, as shown from point D onward in Figure 2.5. This can also
be described as when the dose received is equal to that of the KERMA transferred.
Figure 2.5: Diagram demonstrating the effect of charged particle equilibrium and the
importance of a build-up range for an absorbed does to be equal to the desired dose,
Figure influenced by Cameron (1968).
Only once the charged particle equilibrium has been achieved will the volume
receive the intended dose, the region prior to charged particle equilibrium is known as
the build-up range, this is an important calculation to consider when delivering a dose
to a patient. KERMA is maximised at the surface of the material receiving the dose
where as the absorbed dose maximum occurs at the point that charged particle
equilibrium occurs. Once the radiation penetrates past this point of charge particle
equilibrium the absorbed dose and KERMA begin to decay. KERMA contributes to
less of the energy transfers than the dose by approximately an average electron recoil
energy as the kinetic energy delivers dose to the medium. There is also an opposing
effect with the emission of bremsstrahlung when electrons are decelerated in the
medium, these escape the immediate area without imparting energy and hence do not
contribute to KERMA.
Recalling the introduction to this Section, the coefficients denoted in previous
interaction with matter are defined solely for this section; some coefficients are
re-defined for different luminescent specific calculations and definitions in the
following Section 2.2 & 2.3. The newly-defined variables in Sections 2.2 & 2.3 are
used henceforth in this document with relevance specifically to the field of research
and have been kept uniform to the definitions in literature.
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2.2 Luminescence
The process of luminescence is defined as the emission of energy, in the form of light,
from a material after the absorption of energy causing excitation to occur with an
electron rising from its ground state to another energy, corresponding to a larger
energy. This occurs due to the structure of the material, as detailed below, and is the
pinnacle characteristic to many dosimetry techniques.
The probability, p of an electron escaping an electron trap is given by;
p= sexp
(
− E
kT
)
(2.15)
where s is the frequency factor, E is the energy difference between the excited and
metastable energy levels, k is the Boltzmann constant and T is the temperature. In
Equation. 2.15, p is dependent on the type of the stimulation method to liberate the
electron from the electron trap; this can be either optical, Optically Stimulated
Luminescence or thermal,Tthermoluminescence (Furetta, 2003).
The excitation of the electron to a higher energy state is demonstrated in Figure 2.6,
showing the possible transitions of an organic scintillator with a pi electronic structure.
Figure 2.6: Diagram of possible transitions in the electron energies of a pi electronic
structure, Figure influenced by Knoll (1979).
It can be seen from Figure 2.6 that all transitions except the S10 to S00 have
different energies, physically this means that the material is transparent to the
emission for all transmissions other than the S10 to S00 transmission. The smaller
amount of energy emitted than that of the energy required to excited the electron
results in a shift in the emitted wavelength referred to as Stokes shift (Knoll, 1979).
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2.2.1 Radio-Luminescence and Optically Stimulated
Luminescence
Types of luminescence that occur without the aid of thermally exciting the electrons out
of the electron traps they are suspended in are Radio-Luminescence (RL) and Optically
Stimulated Luminescence (OSL). RL is the process by which luminescence is caused
by radiation where as OSL is that where luminescence occurs due to light.
Another distinction between RL and OSL is that RL occurs during exposure to the
exiting energy and is technically classed as fluorescence. Whereas OSL occurs after
exposure to the exiting energy source and is stimulated due to an external source of
light (Akselrod et al., 2007).
Both RL and OSL are viable dosimetry techniques for doped silica
materials (Bradley et al., 2014), which in turn have advantages over TL dosimetry.
However, the predominant focus of the work discussed herein focuses on the
remaining type of luminescent dosimetry, thermoluminescence.
Fluorescence, phosphorescence and scintillation are all types of
Radio-luminescence as none of these luminescence types require stimulation for the
luminescence to occur. Fluorescence defines the luminescence that occurs for periods
of time between excitation and recombination < 10−8 s, where as phosphorescence
occurs for time periods > 10−4 s (Furetta, 2003).
Scintillation is a technique that is used for detection of ionising radiation, by the
ionisation of matter producing a track of luminescence and is defined by Knoll (1979)
as the emission of light caused by the transition between an excited and ground state.
The decay time for the most organic scintillators is of a few ns, though from a triplet
excitation this can be as long as 10−3s, this process falls into the category of
phosphorescence. Knoll (1979) also details that a desirable quality of a scintillator is
that it should have a short decay time from excited to ground state, hence most
scintillating materials undergo the fluorescence process rather than the delayed
phosphorescence. As the efficiency of a scintillator is defined by the fraction of
incident particle energy converted to visible light (Knoll, 1979) scintillation often
refers to the fluorescence of visible light.
2.2.2 Thermoluminescence (TL)
Thermoluminescence is a luminescence that occurs in response to heating a material
with luminescent properties and is a common technique of dosimetry, having been
practised since 1950 (Cameron, 1968). It has been observed to occur in materials that
are predominantly of a solid structure, it is the most used type of dosimetry in
personal dosimetry. The wavelength of the light emitted reflects the characteristics of
the recombination centres and not the traps the electrons are held in (Furetta, 2003).
The mechanism responsible for the emission of light is called recombination,
discussed later in more detail. In a a lattice such as silica recombination can result in
luminescent or non-luminescent recombination, in the latter phenomena no
luminescence is observed due to absorption or emissions of lattice vibrations Salh
(2011).
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Considering thermodynamics, thermoluminescence is described by the shift of a
system in thermodynamic equilibrium, to one existing in a metastable state in the
forbidden gap between the Valence Band (VB) and the Conduction Band (CB), due to
the absorption of an external energy source. At first the electrons fill the VB and
defects below the Fermi level, Figure 2.7a. Once the external energy source is applied
electrons gain energy and occupy levels higher than the Fermi level, Figure 2.7b.
After the external energy source has been applied the electrons redistribute, once
again establishing thermodynamic equilibrium, however, this relaxation to
equilibrium can vary in time from fractions of ms to years (based on thermodynamic
models of TL), depending on; the material, its defects and the temperature. In the
case of thermoluminescence, equilibrium is induced by applying an external thermal
energy source to relax the electrons back to the equilibrium states, this is described in
a more detailed model in Section 2.3.
(a) Thermodynamic equilibrium. (b) Thermodynamic excitation.
Figure 2.7: Diagrams of the distribution of electrons for a thermodynamic definition of
TL; where the electrons are the blue spheres, VB is the valance band, EF is the Fermi
level and CB is the conduction band, Figures influenced by Furetta (2003).
2.3 Theory of Thermoluminescence
As defined in the previous section, thermoluminescence (TL) is a complex
phenomenon that is dependent on the trapping of electrons and their recombination
when stimulated thermally. This section details TL mechanisms in more detail and
studies theories and approximations for evaluating the characteristics of specific
dosemeter properties obtained experimentally. The process of TL produces data in the
form of glow-curves; these represent the light emitted from a sample acting as a TLD
as a function of time, as well as temperature for a constant heating rate, for further
details see section 2.3.2.
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2.3.1 Electron Trapping and Recombination Process
Electron trapping is the mechanism by which the energy of ionising radiation is
deposited within the luminescent material, as explained in section 2.1, ionising
radiation excites an electron out of its natural stable state; the excited electron then
becomes restricted and settles in a metastable state, these are known as electron
traps or centres.
The characteristics such as frequency, distribution and depth of electron traps
largely affect the luminescence of the material. The frequency and distribution of the
electron traps will vary the TL response the material produces; a material with
frequent and evenly distributed electron traps would be desirable as one area of the
material would not be more or less sensitive than the other and would have many
traps to fill with excited electrons (avoiding saturation).
A dosemeter with electron traps of depth less than ∼ 0.8 eV is likely to produce
a poor response to TL as electrons in these traps are susceptible to escaping at room
temperature, an effect known as fading, making it impractical to use as a dosemeter.
Glow-curves that show glow-peaks at higher heating temperatures are more favourable
for a reliable glow-curve as there is a much smaller probability that these electrons
will escape due to the environment they are contained in. Another favourable feature
for a dosemeter’s glow-curve is that the glow-peaks do not overlap and are easy to
distinguish from one another, this reduces the need for deconvolution of glow-curve
making the glow-peaks easier to analyse and the dosemeter easier to calibrate.
2.3.1.1 Recombination
A recombination center describes an electron-hole pair combination for which the
probability of the electron relaxing to the hole is greater than that of the thermal
excitation energy of the trapped electron. The recombination of an electron with a
hole is the mechanism responsible for the luminescence phenomenon, see Figure 2.8.
The recombination processes possible are a combination of band to band
recombinations (de-localised bands) and metastable states (localised levels) (Furetta,
2003). The basics of this are based on the assumptions for the following equations:
I =−dm
dt
= Ammnc (2.16a)
=−dn
dt
= snexp
(
− E
kT
)
−nc (N−n) An (2.16b)
= dm
dt
= dn
dt
+ dnc
dt
(2.16c)
as
dnc
dt
=−Ammnc+ snexp
(
− E
kT
)
−nc (N−n) An (2.17)
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where I(t) is the TL intensity as a function of time, t, m(t) and n(t) are the
concentrations of reacting substances, nc is the concentration of free electrons in the
CB, An and Am are the re-trapping and recombination probabilities respectively, E is
the activation energy of the trap, k is the Boltzmann constant, T is the temperature
and N is the concentration of traps (Chen, 1983).
As Equations 2.16 are defined for phosphorescence the assumptions that
nc << n
and ∣∣∣∣∣dncdt
∣∣∣∣∣<<
∣∣∣∣∣dndt
∣∣∣∣∣
hence
dnc = 0 (2.18)
Though with the definition of the recombination cross-section ratio
σm =
An
Am
(2.19)
the intensity of TL can be defined as
I =−dm
dt
= nsexp
(
− E
kT
)[
1− σm(N−n)
σm(N−n)+m
]
(2.20)
resulting in the general one-trap equation for TL, here the fraction in the square
brackets is the rate at which electrons are released thermally to the conduction band
by recombination. It is from Equation 2.20 that the Garlick and Gibson model of
thermoluminescence is derived, discussed in further detail in Section 2.3.3.
2.3.1.2 Tunneling
Tunnelling can occur when recombination centres are at a very high concentration as
the two traps must be close together; the process consists of an electron recombining
with a hole from a different atom without involving de-localised bands, producing an
athermal luminescence. Though thermally assisted tunnelling can occur with heat
applied to the excited electron but not enough energy has been absorbed to reach the
de-localised band providing an opportunity for tunnelling to occur. Tunnelling can
account for the loss of TL due to anomalous fading (Furetta, 2003).
2.3.1.3 Defects
Defects describe the imperfections of a crystal defined by a uniform 3-dimensional
periodicity, there are several forms defects can take:
a) Intrinsic or Native defects
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Figure 2.8: Energy diagram for the decay of phosphorescence diagram, for visualisation
of the derivation of Equations 2.16, where I(t) is the TL intensity as a function of time,
t, m(t) and n(t) are the concentrations of reacting substances, nc is the concentration
of free electrons in the CB, An and Am, Figure influenced by Furetta (2003).
b) Extrinsic or Impurity defects
c) Production of further defects due to ionising radiation
a) Intrinsic or Native defects
Intrinsic or Native defects can be described as variety of atoms and their placement
within the lattice;
i) vacancies or missing atoms from the uniform structure locally, these are also
called Schottky defects;
ii) additional atoms of the lattice structure that does not occupy a unit cell in line
with the local structuring, hence not adhering to local uniformity, also known as
a Frenkel defect;
iii) substitutional defects, where an atom is in an aligned unit cell but not the correct
atom;
iv) aggregate forms of the aforementioned defects (Furetta, 2003), such as
dislocations and grain-boundaries in crystalline materials.
b) Extrinsic or Impurity defects
Extrinsic or Impurity defects can be described as impurities in the lattice;
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i) a substitutional impurity, defined as a foreign atom taking the place of an
expected atom in the lattice;
ii) an interstitial impurity, defined as a foreign atom additionally inserted into the
lattice not occupying a defined unit cell hence not adhering to local uniformity.
c) Production of further defects due to ionising radiation
Some defects created due to ionising radiation are referred to as colour centres, as they
are absorption centres and colour ionic crystals. Ionising radiation, of all forms, can
create further defects sheerly by the bombardment of the radiation displacing atoms
from their usual position in a lattice; this can create in turn vacancies and interstitial
defects.
The creation of these traps has been linked to the effect of supra linearity in a
mostly linear dose response plot, specifically for LiF. In this case it is suggested by
Cameron (1968), that the traps and luminescence centres created due to irradiation are
the same as those present before irradiation as the emission spectra are unchanged.
In general, negative ion vacancies can be produced due to radiation damage
(sometimes referred to as radiolysis), the mechanism for which is related to the
recombination of ionised electrons and holes. During recombination, a bound
electron-hole pair can be trapped on a negative ion in the lattice, causing collisions
with other atoms in the lattice. The interactions of the negative ion within the lattice
results in leaving vacancies and interstitial atoms and ultimately results in the
production of F centres and interstitial defects. Analogously, positive ion vacancies
can be created due to ionising radiation in the same way producing V centres. In the
case of a localised positive charge, due to a negative ion vacancy, a free electron can be
attracted to the vacancy by the Coulomb force and become trapped (Furetta, 2003).
At high doses it is crucial to consider the effect ionising radiation has on the
dosemeter as radiation damage can occur.
Radiation Damage
Radiation damage refers to the production of unwanted defects in a material, this is
more prominent at high radiation doses. The occurrence of radiation damage is prone
to reduce the sensitivity (IAEA, 2005) and can cause a saturation in the intensity, as a
function of dose, produced by the dosemeter (Furetta, 2003).
2.3.1.4 Trap Types
Interactive Traps
Interactive traps refer to the re-trapping of a liberated electron from a shallow
electron trap into a deeper trap; in this case the deep traps are in competition with
recombinations centres to capture the liberated electrons (Furetta, 2003).
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Thermally Connected Traps
Thermally Connected Traps are traps that have a very small energy difference and
often cause overlapping glow-peaks in glow-curves. The principle of thermally
connected traps was first introduced by Sweet and Urquat regarding the two trap
model (Furetta, 2003).
Thermally Disconnected Traps
Thermally Disconnected Traps refer to traps that can be filled by electrons liberated
by irradiation but are not affected by the heating of the dosemeter as they have trap
depths much larger than the thermally active traps; proving difficult to experimentally
determine their existence. The concept of thermally disconnected traps was introduced
by Dussle & Bube (1967).
2.3.1.5 Killer Centres and Thermal Quenching
High temperatures can facilitate the migration of holes to so-called “killer" centres,
resulting in no luminescence when recombinations of free electrons and trapped holes
occur. The presence of killer centres results in thermal quenching; the decrease in the
luminescence efficiency with temperature.
η= Pr
Pr−Pnr
(2.21)
where η is the luminescence efficiency, Pr is the probability of luminescence (or the
radiative probability), Pnr is the non-radiative probability, which can also be written
as
η= 1
1+ cexp
(
− ∆EkT
) (2.22)
where c is a constant, and ∆E is the thermal energy absorbed by the electron, as Pr
is temperature independent but Pnr is temperature dependent through the Boltzmann
factor. Similarly the recombination probability Am can be defined as
Am ∝ exp
( W
kT
)
(2.23)
where W here is the energy depth of a non-radiative recombination level, providing
a good approximation at high temperatures (Furetta, 2003).
2.3.1.6 Residual TL signal
The observation of a residual TL signal is evidence that not all electrons have
recombined during the previous heating cycle, proving that annealing the sample
before re-exposing it to an ionising energy is essential or else it will interfere with the
results of the next readout, affecting the reproducibility of the dosemeter. Residual TL
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signals can also affect the lower detection limit; the strength of the residual signal is
dependent on the material and can be dependent on the irradiation history.
2.3.1.7 Phototransfered Thermoluminescence (PPTL)
PPTL is a technique that induces the transfer of deeper inactive traps into shallower
traps, by exposing the dosemeter to UV light after annealing or readout. It can be
used as a further dosimetry technique to utilise deeper trapped electrons and aid in
the determination of absorbed dose by enabling the transfer of an electron from a deep
trap to a shallower active TL trap. The TL response obtained by PPTL is proportional
to the original concentration of the electrons originally trapped in the deep inactive
traps (Furetta, 2003).
2.3.1.8 Optical Bleaching
The process of using a specific wavelength of light as a method to depopulate a
recombination centre in an irradiated sample is known as optical bleaching. The
liberated electrons can either re-trap with other traps such as in PPTL or can produce
luminescence due to recombination, like OSL. This phenomenon is known as
bleaching due to the reduction of the colour centres due to liberation and
recombination that were created during irradiation, resulting in the colour of the
material fading.
2.3.2 Glow-curves
The intensity of the TL as a function of temperature, and synonymously time due to
the heat cycle with a constant heating rate, β, where T = T0+βt, is referred to as a
glow-curve and the measurement obtained from a TL dosemeter is evaluated from this
glow-curve.
A glow-curve can consist of several glow peaks, each corresponding to different
electron traps within the dosemeter. Studies by Randall & Wilkins (1945) discuss how
a glow-curves shape can be theoretically predicted.
2.3.2.1 Glow-peaks
A glow-peak is the collection of light emitted during recombination of an electron and
a recombination centre. Different glow peaks in a glow-curve are produced due to
recombinations occurring at different temperatures, this is due to a variation in
activation energy to liberate an electron; the number of glow-peaks can be an
indication as to how many thermally active trap types there are as accepting
recombination centres in a dosemeter, resulting in luminescence. It is possible to
separate the glow peaks of a glow-curve using several techniques and to identify the
peak temperature TM of the glow peaks in a glow-curve, see Section 4.2.1. Though the
activation energy for the dosemeter at a given temperature of time is presumed to be
uniform throughout the dosemter (see Section 2.4.2.1), the recombination centre may
vary, resulting in a difference in wavelength of the light emitted. Though this does not
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have an affect on the overall counts to a general TL reader and is still a
representation of the activation energy being achieved at a specific temperature, it is
an amalgamation of the recombinations occurring within the dosemeter. These
different recombination processes can be differentiated by use of a photo-spectrometer
to determine the contribution to the overall TL of a glow-peak as a function of
wavelength emitted.
The shape of a glow peak can also vary as it is determined by the nature of
liberations and recombinations within the dosemeter, see Figure 2.9. The mechanisms
that occur during recombination are defined by the order of kinetics b, discussed
further in Section 2.3.3.
Figure 2.9: Glow-peak comparison showing the change in appearance of a glow-peak
with the same TL parameters of; T0=300 K, β=10 Ks−1, s=1×1010 s−1, n0=5×104,
N=5×104, E=1 eV, but varying orders of kinetics.
In some cases a specific glow-peak in the glow-curve may be taken and evaluated
for the TL response as low temperature peaks are more susceptible to fading; an
alternate technique is to only use the TL response for an entire glow-curve above a
certain temperature, as in reality glow-curves have several overlapping glow-peaks,
making deconvolution challenging.
2.3.2.2 Characteristics of Glow-peaks
As previously discussed, glow peaks behave according to the order of kinetics, b, with
some characteristics shown as follows;
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First Order
• Asymmetrical, characterised by the
half-width of the rising side of the
maximum temperature, HWR , being
50% than that of the falling side
of the maximum temperature, HWF :
HWR ∼ 1.5HWF
• For fixed heating rate, β, the peak
temperature, TM and peak shape are
independent of the initial trapped
electron concentration no, according
to the condition at the maximum
Equation 2.59.
• The value of n0 depends on the pre-
measurement dose.
• The TL glow-curve of a specific n0
value shows the same distribution,
hence can be superposed to one
with a different n0 by scaling
appropriately.
• The peak can be characterised by a
geometrical factor:
µ=w1/w2 = T2−TMT2−T1
∼ 0.423
where w1 and w2 are the half widths
at the rising and falling side of the
glow-peak respectively
• w1 increases with decreasing E for
fixed dose and heating rate.
• Decay of peak is exponential.
Second Order
• Almost symmetrical
• The shape and peak temperature
depend on the heating rate, though
all other parameters can remain
constant
• With fixed β, the shape and peak
temperature are strongly dependent
on n0.
• Peaks for different n0 can not
be superimposed as done for first
order peaks, using a scaling factor.
Although, they tend to superimpose
at the high temperature extremity of
the glow peak.
• Increasing n0 decreases TM
according to the condition at the
maximum, Equation 2.63.
• The isothermal decay is hyperbolic
• The geometric factor, µ, for second
order peaks ∼= 0.524
• Transitioning from first to second
order kinetics leads to a decrease in
TM .
• Decay of peak is hyperbolic.
For a given order of kinetics the symmetry factor, µ, may not be unique as it is
strongly dependent on the activation energy, E, and the frequency factor, s; without
knowing these variables it is not possible to determine b from the symmetry factor µ. A
general calculation for µ independent of the point of the glow peak chose for evaluation
has been delivered in Furetta (2003) for b > 1 and defined by Christodoulides (1985)
for first order glow peaks.
However, as b affects the shape of the glow-peak, as seen in Figure 2.9, a rough
estimate of the order of kinetics can be made by observing the decaying side of the glow-
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peak. Comparing the physical appearance of a glow-peak that obeys first or second
order kinetics is shown in Figure 2.9.
2.3.2.3 Experimental Factors Affecting Glow-curves
There are several factors that may affect the shape of a glow curve, such as: the
recording instrument used; the level of exposure; the type of radiation; the radiation
and annealing history of the sample; the heating rate and its uniformity; the size,
shape, and thermal conductivity of the sample; and spurious effects. The heating rate
can affect the shape of the glow curve, as the maximum of the peak shifts to higher
temperatures with a slow heating process. It is suggested that more rapid heating is
advantageous for exposure to low doses (Cameron, 1968).
It is clear that the size, shape and conductivity of the sample affect the shape of
the glow-curve. For a thick sample, the atoms furthest from the heat source may not
reach the same temperature as the side of the sample in contact with the heat source,
resulting in an overall merge of different glow peaks; with high temperature peaks
corresponding to the surface in contact with the heat and low temperature peaks
corresponding to the opposite surface of the sample.
2.3.3 Order of Kinetics
The order of kinetics, b, is adopted from the term of the same name in chemistry,
describing the proportionality of a reactant to a resulting reaction; for the case of
luminescence the reactant that defines the order of kinetics can be n, the number of
trapped electrons. This is defined in the general order case by the May-Partridge
model by stating that the the number of charge carriers present at a single energy
level is proportional nb (May & Partridge, 1964; Furetta, 2003).
For example, first order kinetics describes a process in which the rate is directly
proportional to the concentration of the reactant (Chen, 1983), for TL this was defined
by Randall & Wilkins (1945). On the other hand, second order kinetics takes into
consideration the concentration of holes (recombination centres) as well as electron
traps, it is the assumption that these two are equal that was made by Garlick &
Gibson (1948). Second order glow peaks show a second order exponent relation of the
concentrations of traps, n2 rather than the n relation for first order kinetics (Chen,
1983). The defining difference between the first order and second order kinetics
described in turn by the Randall and Wilkins model and the Garlick and Gibson
model, respectively, is that they model negligible and dominating re-trapping,
respectively. It is the May-Partridge model that can describe both second and first
order models as it is the general order definition, from literature this states that
1< b≤ 2.
All kinetic order intensity curves are derived from the equation defining the
general one-trap equation defined earlier, Equation 2.20. From this equation different
assumptions are made resulting in the first and second order intensity equations, as
follows;
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• First Order where recombination is dominant
mAm >> (N−n)An (2.24)
resulting in
I =−dn
dt
= nsexp
(
− E
kT
)
(2.25)
where s is the first order frequency factor, discussed further Section 2.3.4.1.
• Second Order where recombination occurs
mAm << (N−n)An (2.26)
and that the trap is far from saturation N >> n, this results in
I =−dn
dt
= n2s′exp
(
− E
kT
)
(2.27)
where s′ is the second order pre-exponential factor, discussed further
Section 2.3.4.1.
Randall and Wilkins, b=1
The Randall Wilkins Model describes the first order kinetic case of recombination of a
simple model of a single electron trap and recombination centre, existing as metastable
states, in the forbidden gap between the VB and CB.
Considering the Maxwellian distribution of thermal energies as defined in
Equation 2.15, where the activation energy or trap depth, E, is the energy the
electron requires to be liberated from the trap. The inverse of the probability, p gives
the life time, for the electron to remain trapped. For a constant temperature it can be
assumed that the decrease in n with time t gives
dn
dt
=−pn
and ∫ n
n0
dn
n
=−
∫ t
0
pdt (2.28)
Hence one can derive the umber of trapped electrons at time t= 0 to be,
n= n0 exp
[
−sexp
(
− E
kT
)
· t
]
(2.29)
this can also be used to calculate the mean life, τ of the decay process by
substituting n = n0/e and τ = t, see Section 2.3.5.3, though this can only be applied to a
first order kinetics case.
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After assuming that; no electrons are released during irradiation (as it is
conducted at a low enough temperature); the electrons have a short life time in the
CB; all electrons liberated recombine in luminescent recombination centres; the
concentration of traps and recombination centres are independent of temperature; no
liberated electrons are re-trapped, the intensity of luminescence can be expressed as
I(t)= n0sexp
(
− E
kT
)
exp
[
−stexp
(
− E
kT
)]
(2.30)
during the process of heating this can be expressed as a function of temperature, T
with the correlation dT =βdt where β is the heating rate,
I(T)= n0sexp
(
− E
kT
)
exp
[
− s
β
∫ T
T0
exp
(
− E
kT ′
)
dT ′
]
(2.31)
It is noted by Furetta (2003) that this expression can be evaluated by means of
numerical integration. It may be useful to note that; the expected order of the
exponential Boltzmann term is 10−7, with TL peaks having E ≈ 20kT.
Furetta (2003) has also evaluated the behaviour of the two exponentials, stating
that:
• For the increasing side of the glow-peak, the first exponential function dominates.
When T is slightly greater than T0 the second exponential function decreases
with increasing T
• At a point T = TM neither exponential term is dominant, resulting in the
maximum intensity in the glow-peak I(TM).
• For T >TM the second exponential function dominates as its decrease is much
more rapid than the increase of the first exponential function, hence I(T)
decreases until all of the electrons are liberated from the traps.
Garlick and Gibson, b=2
The Garlick and Gibson method (Garlick & Gibson, 1948) is derived form the
probability that an electron escapes from a trap and then recombines with a
recombination centre
m
(N−n)+m=
n
N
(2.32)
where N is the concentration of traps, n is the number of electrons in N, m is the
concentration of recombination centres defining charge neutrality as n=m. From the
derivation of phosphorescence, Equation 2.20 with the conditions of the absence of the
recombination cross section ratio, σm = 0, and m = n, the intensity is defined by the
rate of change of the occupied trap density, defined as
I(t)=−dn
dt
= c
(
n
N
)
·
(
n
τ
)
= c n
2
N
sexp
(
− E
kT
)
=−n2s′exp
(
− E
kT
)
(2.33)
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where s′ is the pre-exponential factor, discussed further Section 2.3.4.1, this can
be rewritten in the form of that displayed in Equation 2.27. Hence the intensity as a
function of temperature, I(T), can be defined as
I(T)=
n20s
′exp
(
− E
kT
)
[
1+ s
′n0
β
∫ T
T0 exp
(
− E
kT ′
)
dT ′
]2 (2.34)
including the equation derived from phosphorescence, Equation 2.27, where s′ is
the second-order pre-exponential factor, discussed further Section 2.3.4.1. For b > 1
cases, there is an assumption of re-trapping after electrons are released fro their traps
and the decay of the glow-peak no longer adheres to isothermal decay as re-trapping
occurs.
May-Patridge, b 6=1,2
The May-Partridge model (May & Partridge, 1964) defines an intermediate order of
kinetics where neither recombination nor re-trapping dominate. From the definitions
of the rate of escape from phosphorescence for first and second order cases,
Equations 2.25 & 2.27 respectively, the dependence on n is clearly observed to be
direct for first order and a 2nd order correlation, n2 for second order kinetics, for a
general order kinetics of b this correlation be defined as nb. Applying this definition
to the phosphorescence rate of escape Equation this results in
I =−dn
dt
=−s′′nb exp
(
− E
kT
)
(2.35)
where s′′ is the pre-exponential factor for general order kinetics, it must be noted
that the dimensions of this factor are dependent on the order of kinetics such that the
units are expressed as cm−3(b−1)s−1, discussed in further detail in Section 2.3.4.1. By
integrating Equation 2.35 with respect to time in the form
∫ n
n0
dn
nb
=−
∫ t
0
s′′exp
(
E
kT
)
dt (2.36)
one obtains the expression
n= n0
[
1+ s (b−1) texp
(
− E
kT
)] 1
1−b
(2.37)
for which s = s′′nb−10 , giving units of s−1. Using this definition of the number of
electrons trapped at a time t and for a temperature with the correlation with time as
dT =βdt where β is the heating rate this is defined as
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n= n0
[
1+ s (b−1)
β
∫ T
T0
exp
(
− E
kT ′
dT ′
)] 1
1−b
(2.38)
where T ′ denotes the temperature evaluated within the integral of T at time t.
Substituting Equation 2.38 into Equation 2.35 gives intensity as a function of
temperature (Rasheedy, 1996).
I(T)= snb0N1−b exp
(
− E
kT
)[
1+ s (b−1)
β
∫ T
T0
exp
(
− E
kT ′
dT ′
)]− b
1−b
(2.39)
Equation 2.39 is the definition evaluated by Rasheedy (1996) due to the
complication in the incoherence of the correlation between the frequency factor s and
the pre-exponential factor s′′. The disparity in the defintion of s and s′′ leads to the
definition of several evluations of the general order case, for completeness, the
original definition given by May & Partridge (1964) is defined as
I(T)= sn0 exp
(
− E
kT
)[
1+ s (b−1) texp
(
− E
kT
)]− b
1−b
(2.40)
with the complications in the definitions of the frequency factor discussed further
in Section 2.3.4.2.
2.3.3.1 Integral Approximation
The TL response is evaluated by the integration of glow-peaks from the minimum
temperature of count recording, though this is often approximated to the sum of the
counts in the measuring temperature range, ideally with a continually increasing
temperature.
The integral of thermoluminescence that cannot be solved analytically is,∫ T
T0
exp
( E
kT ′
)
dT ′ (2.41)
however, in a practical case can be approximated using,
F(T,E)= kT
2
E
exp
( E
kT
)(
1− 2kT
E
)
(2.42)
and in the case of s= s(T),∫ T
T0
Tαexp
( E
kT ′
)
dT ′ ≈ kT
α+2
E
[
1− (α+2) kT
E
]
exp
( E
kT
)
(2.43)
furthermore if T =TM ,
≈ kT
α+2
M
E
[
1− (α+2) kTM
E
]
exp
( E
kTM
)
(2.44)
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where α is used to describe the dependence of s(T) by s∝ Tα and can take a value
of -2 ≤α≤ 2 (Clark, 2012), discussed further in Section 2.3.4.3.
Notes and Considerations
Work by Chen (1983) states that it is also important to consider the change of kinetic
order with an increasing dose; it can be safely assumed that at low radiation doses a
first order peak has a shape independent of the dose received. However, the increasing
dose can affect the linearity of the concentration of electrons in the CB as a function of
time, nc(t), considering this possibility and Equation 2.45 derived from the expressions
describing the rate of recombination, Equation 2.16, this will have a dominating affect
on the shape of the glow peak.
I(t)= Ammt=0nc(t)exp
(
−Am
∫ t
0
nc(t′)dt′
)
(2.45)
Discussed further in the evaluation of the frequency factor, s and pre exponential
factors s′ and s′′ a dependence of s on the concentration of electron traps N is observed
by definition, Equations 2.48 & 2.49 for second and general order glow-peaks. It should
also be noted it is not easily possible to determine the parameter N (Furetta, 2003).
2.3.4 Frequency Factor, s, and Pre-exponential Factors, s′ & s′′
This section discusses the definition and dependencies of both the frequency factor and
the second and general order equivalents, the pre-exponential factor in the process of
thermoluminescence.
2.3.4.1 Frequency Factor, s
The frequency factor, s, is only present in this form in the case of first order kinetics.
It is associated with a physical quantity; the sum of the frequency of bound electrons
interacting with lattice phonons and a factor of transition probability. This can
physically be considered as an attempt to escape frequency, defined as
s= v ·κ ·exp
(∆S
k
)
(2.46)
where ν is the number of times per second an electron interacts with lattice
phonons, κ is the transition probability, ∆S is the change in entropy, and k is the
Boltzmann constant.
An alternative definition for s can be made by considering the capture cross section
of a trap, σ, the density of electron levels available in the CB, NCB and the thermal
velocity of the electrons in the CB, ve,
s= veNCBσ (2.47)
with values for s in the range of 108 to 1014 s−1.
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Estimations for the range of the frequencies that s could lie in have been compared
to that of; the Debye frequency, ωD of the lattice (1012 to 1014 s−1, ≈ 13.81×1013 for
silicon (Hadley, n.d.)); calculations by Chen et al. (1981) to be 105 to 1013 s−1; the
definition of the frequency factor from Randall & Wilkins (1945) above and interpreted
by Furetta (2003), s is expected to be approximately the order of vibrational frequency
of the crystal (for LiF 1012 s−1). The affect of a change in the frequency factor, in the
range stated by Chen et al. (1981), has on the glow-curve of a general order glow-curve
(b = 1.8) is demonstrated in Figure 2.10.
2.3.4.2 Pre-exponential Factor
For second and general order cases this factor is referred to as the pre-exponential
factor in literature (Furetta, 2003; May & Partridge, 1964; Garlick & Gibson, 1948) and
is denoted as s′ and s′′ respectively. Due to the occurrence of re-trapping there exists
a dependence on the order of kinetics b, hence the factor can no longer be directly
associated with a physical quantity. The relationship between the frequency factor
quantity s and the pre-exponential factor s′′ for general order kinetics can be defined
as
s= s′′nb−10 (2.48)
where n0 is the number of trapped electrons at time t = 0. For a second order case
the pre-exponential factor s′ simplifies to
s= s′n0 (2.49)
as b = 2. It should be noted that as the pre-exponential factor is dependent on
the order of kinetics, b, so are it’s units. For a general order case the units of s′′ are
[cm3(b−1)s−1], this simplifies to [cm3s−1] for the second order case.
However, the definition of the frequency factor is with it’s inconsistencies within
literature (Furetta, 2003; May & Partridge, 1964; Garlick & Gibson, 1948; Rasheedy,
1993). Firstly, by means of the units of the frequency factor in relation to n0, as n0 is a
quantity of electrons it is a unit-less factor in this equation and from the definition of
s as a function of s′ in (Garlick & Gibson, 1948; Furetta, 2003), the units of s′ are
[cm3s−1], to give s in units of [s−1]. Evaluating the units of this definition shows that
the units are not balanced, the same is observed for the general order case;
Equation 2.48, where the units of s remain as [s−1] and the units of s′′ are
[cm3(b−1)s−1], though now proportional to nb (Furetta, 2003; May & Partridge, 1964).
This is due to a dropped term in the definition, acknowledging the presence of the
concentration of electron traps, N, measured in [cm−3]1.
Evidence of this is in the explanation of the derivation of the second order
intensity equation in Furetta (2003). For the simplification of Equation 2 to Equation
1It is important to acknowledge that in the derivation of the general order case by May & Partridge
(1964), N is substituted out of the expression for intensity as a function of temperature. However, it is
never reintroduced for the correlation between the frequency factor s and the pre-exponential factor s",
though evaluation of units suggests that the spatial cm−3 dependence originates from N.
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Figure 2.10: General order glow-curves (b = 1.8) for varying values of frequency factor
s for the expected value range of Chen et al. (1981).
3 on page 157 in Furetta (2003), the pre-exponential factor, s′, is introduced as s′ = s
N
with units [cm3s−1]. This factor is carried through the worked example resulting in
Equation 2.34, where the substitution of s = s′n0, as discussed above; it is this
substitution where misconception stems. Considering se f f as an alternative term for
the previous definition gives
se f f =
s′n0
N
Though considering the definition of s in Equation 2.47 the definition of se f f could
reduce to se f f = s′n0 assuming that N is equivalent to the NCB defined in
Equation 2.47, giving a value of s independent of the value of N or NCB 2. This stands
for the second order case but not for the general order case.
Secondly, the correlation between s and s′′ being difficult to define is also
supported by applying the substitutions at various stages of the derivation, testing
the s′′ definition for a second order case. Applying the s = s′/N to the evaluation of n as
a function of time dependent on n0, the general order definition, Equation 2.38, does
not reduce to the second order definition, Equation 2.33, due to the presence of N and
n0. It should be noted that the condition N = n0 is only valid when saturation has
occurred, i.e. n0/N = 1.
A study by Rasheedy (1993) observes the relationship of the differential equations
2It should be noted that N is considered as a constant for a specific sample and dose, regardless of
temperature in the equations stated in this document. Recalling that these definitions originate from a
one trap model and hence one glow-peak of a glow-curve, see Section 2.3.2. Different traps can become
available at different temperatures though it should be emphasised that this is not defined as N(T) but
for T f the number of available traps may change i.e. N1, ..., N∞
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used to derive the intensity as a function of temperature for the first and second order
kinetics, Equations 2.28 & 2.33. This led to the differential form for the general order
case to be redefined as
−dn
dt
=
(
nb
N(b−1)
)
sexp
(
− E
kT
)
(2.50)
by Rasheedy (1993), when evaluating the complications of defining the general order
case. Varying from that defined by May & Partridge (1964) as the physical association
of the concentration of electron traps is not discussed, though defined in Furetta (2003);
Rasheedy (1993) as proportional to N. This then allows for the frequency factor to be
defined as
s= s
′′n(b−1)0
N(b−1)
(2.51)
When using this correlation between s and s′′ the general order definitions, for different
stages of the worked evaluation of the intensity as a function of temperature, do reduce
to the second order definitions. The proposed definition in Equation 2.51 also results in
the proposed units of measure of [cm3(b−1)s−1] for the pre-exponential factor. Randall
& Wilkins (1945) describes electron traps as potential wells and s as the product of
the frequency of trapped electrons striking the wells of the potential barrier and the
reflection coefficient.
For general order kinetics, 1≤ b ≤ 2, the pre exponential factor, s can be calculated
by,
s=

kT2M exp
(
− E
kTM
)
βE
(
+2kTM(b−1)
E
)
−1
(2.52)
with units s−1, the relationship s = s′′nb−10 , results in the frequency factor, s
′′
,
definition,
s
′′ =
βE exp
(
e
kT
)
nb−10 kT
2
M
[
1+ 2kTM(b−1)
E
]−1
(2.53)
with units cm3(b−1)s−1. Leading to the pre-exponential factor as a dependence on
temperature established above,
s
′′
0 =
βE
kTα+2M
1−δM(1+α)(1−b)
1+ α
2
δM

−1
exp
(
E
kTM
)
(2.54)
though the values s
′
and s
′′
have been derived they are constants with regard to
dose. In order to correct this the integral approximation and maximum conditions can
be combined to define s for general order kinetics as
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s′′ =
(
N
n0
)b−1
kT2M exp
(
− E
kTM
)
βE

−1[
1+ 2kTM(b−1)
E
]−1
(2.55)
taking into consideration N, the number of available traps that can vary with the
dose, allowing for s to be expressed in uniform units for all orders of kinetics. It
should be noted that N is difficult to determine and is not a dose independent
expression (Furetta, 2003).
2.3.4.3 Temperature Dependence
In a first order case the frequency factor, s can be dependent on temperature in some
cases and is defined by the relationship
s= s0Tα (2.56)
where −2 ≤ α ≤ 2 and s0 is the frequency factor at temperature T0. In second and
general order cases the pre-exponential factor is considered rather than the frequency
factor, such that the first order pre-exponential factor is defined as
s
′ = s′0Tα (2.57)
and for the general order case is defined as
s
′′ = s′′0Tα (2.58)
where −2 ≤ α ≤ 2 and s′0 and s′′0 are the second and general order pre-exponential
factors, respectively, at temperature T0.
2.3.4.4 Conditions at the Maximum
The frequency factor and pre-exponential factors can be calculated by considering the
conditions at the maximum of a glow-peak. The first order case of the frequency factor
s can be calculated by
s= βE
kT2M
exp
(
E
kTM
)
(2.59)
where β is the heating rate, e is the activation energy, k is the Boltzmann constant
and TM is the temperature at the maximum of the glow-peak.
The relation of s = s′′nb−10 is adopted for the calculation of the frequency-factor
equivalents and pre-exponential factors for the second and general order cases for
considering the conditions at the maximum, giving
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s=

kT2M exp
(
E
kTM
)
βE
(
1+ 2kTM (b−1)
E
)
−1
(2.60)
and
s′′ =
βE exp
(
E
kTM
)
nb−10 kT
2
M
[
1+ 2kTM (b−1)
E
]−1
(2.61)
for general order kinetics and reduces to
s=
βE exp
(
E
kTM
)
kT2M
[
1+ 2kTM
E
]−1
(2.62)
and
s′ =
βE exp
(
E
kTM
)
n0kT2M
[
1+ 2kTM
E
]−1
(2.63)
for second order kinetics. Discussed in Furetta (2003) is the evaluation of the respective
pre-exponential factors for second and general order kinetics, stating that the values
of s′ and s′′ are constant for a given sample and dose, though are dose dependent.
Considering further the general order case and the relation defined in
Equation 2.48, the pre-exponential factor, s′′ can be expressed in terms of the
frequency factor, s, keeping the units of [s−1] consistent and producing a comparable
definition between the general order case (Equation 2.64) and the first order case
(Equation 2.59).
s=
(
N
n0
)b−1
kT2M exp
(
− E
kTM
)
βE

−1[
1+ 2kTM (b−1)
E
]−1
(2.64)
It is observed that for all orders of kinetics 6= 1, there is a dependence on the initial
number of trapped electrons, n0 unless the saturation of electron traps is achieved i.e
n0 =N.
Notes and Considerations
The general order notation for s, demonstrates the dependence the general order
frequency factor has on both n0 and N. As previously noted the parameter N is not
easily determined and n0 can only be equal to N in the case of saturation.
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Error
The error evaluation in Equation 2.59 for the first-order case of the frequency factor
defined by conditions for the maximum of a glow-peak has been conducted by Furetta
(2003). Assuming no error in the heating rate and that there is no error in the recorded
temperature, the error in calculating s is given as∣∣∣∣∣∆ss
∣∣∣∣∣=
∣∣∣∣∣∆EE
∣∣∣∣∣+ 1kTM |∆E| (2.65)
For the example considered in Furetta (2003), a 2 % error in the determined value
of E results in a relatively large error in the calculated value of s.
2.3.5 Fading
Fading refers to the phenomenon in which the TL response of a dosemeter changes
(usually decreases) with a prolonged time in storage, ts, between irradiation and
readout.
Fading is normally attributed to thermally encouraged recombinations, thus can be
predicted if the order of kinetics is known, though it is also likely that the effect is in
competition with other effects such as self-dose and background radiation.
The decay constant can be determined experimentally by comparing TL responses
for different ts and calculated using the following expression:
λ= 1
ts
ln
(MB−MC
MA−MC
)
(2.66)
where MA is the TL response after the end of the storage period, MB is the reference
for TL response at ts=0 and MC is the possible increase in TL due to effects such as self-
dose and background irradiation. It is expected that λ varies with varying materials
due to different trapping levels and distributions, however, it has also been found by
(Furetta, 2003) that λ can vary with temperature, hence λ needs to be calibrated for
different storage temperatures Ts for the same dosemeter material.
In most cases MC is negligible, hence λ can also be defined by assuming that the
decay of the TL response is isothermal at room temperature. The effects of fading,
studied by Kitis & Furetta (1997), have identified the correlation of decline in TL
response as well as defining the decay constant, λ, by
λ= sexp
( −E
kT
)
(2.67)
which can hence be written as
Φ(ts)=Φ0 exp(−λts) (2.68)
where λ is the decay constant, ts is the time in storage, Φ is the glow-peak / glow-
curve area and Φ0 refers to the glow-peak / glow-curve area at ts=0. λ can therefore be
expressed as
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λ=− 1
ts
ln
( Φ
Φ0
)
(2.69)
Where as for second-order kinetics this is defined as
Φ(ts)=
Φ0
[1+Φ0λ′ts]
(2.70)
where λ′ is defined as
λ′ = s′
( −E
kT
)
(2.71)
and s′ = s/N defined as the pre-exponential factor. In summary, first-order glow-
peaks are found to fade in correlation with an exponential decay, where as second-order
glow-peaks are hyperbolic in correlation with the time in storage, ts.
2.3.5.1 Optical Fading
Another form of fading to be acknowledged is optical fading, this is a form of OSL that
occurs unintentionally due to light, this is commonly natural light making shallower
traps more susceptible to this type of fading. The intensity of the optical fading is
dependent on the length of exposure and the intensity and wavelength of light. To
reduce the effect of optical fading dosemeters can be stored in light-tight environments
to prevent the accidental liberations of electrons during the storage time, resulting in
an overall decrease of TL response when the dosemeter is eventually readout (Furetta,
2003).
2.3.5.2 Anomalous Fading
Anomalous fading is the term given to the fading that is not accounted for by the trap
half life equation; characteristic behaviour shows an initial rapid decay in the TL,
followed by a decrease in the decay rate over long storage times. This type of fading
can be explained by the tunnelling of electrons from traps to recombination centres,
see Section 2.3.1.2. A long-term fading experiment (such as the one presented in
section 7.3) can be performed to determine the extent of the anomalous fading over
expected fading, while taking into account E, s and storage temperature (Furetta,
2003).
2.3.5.3 Half-life of a trap
The half-life of a trap is defined by the amount of time taken for the number of trapped
electrons in a single trap type for a specific peak in the glow-curve to fall to half its
original value. By using the differential form of Equation 2.15, for first order kinetics,
the half-life, t1/2 can be defined as
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t1/2 =
ln2
sexp
(
− EkT
) (2.72)
where as for general order,
t1/2 =
n1−b0
sn(1−b)
(
1− 1
21−b
)
exp
( E
kT
)
(2.73)
where the mean life, τ, can be expressed as
τ= ln2
t1/2
(2.74)
This is also described by the Arrhenius equation, for a given temperature, T,
τ= s−1 exp
( E
kT
)
(2.75a)
p= τ−1 (2.75b)
s is the frequency factor (also called the attempt to escape frequency), E is the
energy difference between the bottom of the CB and the trap position in the band gap,
also called trap depth or activation energy, k is Boltzmann’s constant, with
Equation 2.75b expressing probability, p, per unit time.
It is important to note that the phenomenon known as self-dosing could be
prominent and significant when considering the fading effect of a dosemeter and
sometime acting in competition with the fading effect. Self-dosing can occur from
background or radioactive activation of an element within the dosemeter which
ultimately gives the dosemeter an added dose to the intended dose received during
irradiation (Furetta, 2003).
2.4 Thermoluminescent Dosemeters and Readers
As mentioned earlier specific readers are designed to extract information from TLD’s
about the radiation they have absorbed, this section describes the desirable
characteristics of a TL dosemeter and the components of TL readers.
2.4.1 Dosemeters
The most common dosemeters making use of the thermoluminescent phenomena are
LiF and more recently LiF doped materials such as TLD chips or TLD-100. There
are a few key characteristics of a dosemeter that should be well understood such as;
the behaviour of its glow-curve, sensitivity, energy response, dose response (sometimes
referred to as linearity), correct storage and response to different types of radiation.
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2.4.1.1 Requirements
The requirements of a dosemter largely depend on the intended use and tend to be
tailored to a specific application. That being said there are key features of dosemeters
that are favourable or necessary for a dosemeter to be suitably effective, with some
attributes discussed in more detail later in the section (Furetta, 2003):
a) homogeneity in the TL response for high reproducibility
b) suffeciently high trap concentration for good light emission when recombination
occurs
c) low susceptibility to fading effect during storage and in some cases suitable for
transportation via postal means
d) a glow-curve with few and easily identifiable glow-peaks, for ease of
characterisation and deconvolution
e) a high quantum efficiency of the PMT and any filters for the readout in the correct
luminescent wavelength range
f) a clear glow peak identifiable in the range of 180 ◦C to 250 ◦C, as higher
temperatures are vulnerable to increasing background with increasing
temperature due to infra-red emission from the TLD and TLD holder
g) a good environmental resistance, from factors such as; optical fading, moisture
and being chemically inert
h) non-toxic (particularly for in-vivo applications)
i) not susceptible to radiation damage in the intended dose ranges
j) a well characterised behaviour with increasing dose, linearity is preferable
k) TL response independent of dose rate and angle of incident radiation
l) a suitable lower detection limit for the application
m) minimal contribution of self-irradiation, as specific radionuclides or elements can
be activated and facilitate this phenomenon
n) energy dependence has no or little that can be corrected for
o) application specific neutron sensitivity (either high or low)
p) a high LET leading to increased sensitivity
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b) Sensitivity
The sensitivity of the dosemeter can vary from sample to sample due to the
homogeneity of the batch, with variations in the; mass of the dosemeters, optical
density from dosemeter to dosemeter, or contamination on the surface of the
dosemeter (Furetta, 2003).
j) Dose Response
An ideal response curve is linear over the full exposure range, to simplify calibration
and use. Some TLD readers can also demonstrate non-linearity of response. Some
dosemeters show a linear dose response which can vary at the extremes showing either
super-linearity or sub-linearity, in these cases the effect can be accounted for and is
described in works by Furetta (2003) and Chen et al. (1981).
l) Lower Detection Limit
The lower detection limit, Dldl , is the dose, D, for which the minimum TL response is
detected for a specific dosemeter, in theory this is defined as
Dldl = 3σBKG (2.76)
with σBKG being the standard deviation in the background. However, Dldl can be
effected by spurious thermoluminescence (Furetta, 2003).
n) Energy Dependence
Energy dependence is an important effect to consider in radiotherapy applications as
it is desirable to have a dosemeter that is independent of the energy of beam qualities
used. It refers to the dosemeter reading per absorbed dose for water by a given
radiation beam, with a relative beam for reference of beam quality (Jafari et al.,
2014a).
2.4.2 Reader
It is essential to have a TL reader suitable for the sample being read and studied so as
to collect the most information about the dose received by the dosemeter. There are two
essential components to a TL reader for it to interpret the dose received by measuring
the TL response emitted by the dosemeter; a source of heat and an instrument to detect
the light emitted. There are several other requirements that are incorporated into the
design of TL readers to maximise the efficiency of the reader, all of which are discussed
in detail in the following sections. The reader used in this work is the Risø TL/OSL
reader (DTU Nutech, 2015), the specific features of the reader used in this work is also
detailed in the following sections.
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2.4.2.1 Heating Methods
There are two methods of heating samples, direct and indirect heating. Direct heating
uses techniques such as; ultrasonic heating, dielectric heating and infra-red heating.
The advantage of using direct heating is that the more rapid and more uniform heating
causes an increase in sensitivity of the sample, however, they are more complex and
less versatile than those of indirect heating. Indirect heating is done by heating the
sample by means of electricity, there are three general methods used: bonding the
phosphors to a heating element; putting the sample in a pan or planchet which is
heated electrically; and blowing hot gas on the sample (Cameron, 1968).
For the purpose of this study the detector in use facilitates the planchet method,
using planchets of stainless steel. The most desirable planchet is one that does not
oxidise and one in which black body radiation is minimised; this can be done by
optimising the material the planchet is made of and having a panchette that is the
same size (or slightly bigger than) the sample. It is common for units to have a
thermocouple attached to the bottom of the planchet to record its own temperature,
however (depending on the heating rate and technique and the thermal conductivity
of the sample) this might be slightly hotter than the sample. The key requirement of
the heating element of the detector is that it can efficiently replicate a heating cycle or
maintain a temperature for a prolonged period of time with little fluctuation in the
performance.
However, the heating of a dosemeter will inevitably lead to a temperature gradient
across the dosemeter. In a planchet heating method the planchet is in direct contact
with the thermocouple, the plachet is used to transfer heat to the dosemeter. In this
method the thermocouple is temperature controlled and the temperature is often
recorded. Due to the reliance on heat transfer through the planchet a temperature
gradeint can occur across the sample having a significant effect on the temperature
across the dosemeter and ultimately resulting a temperature lag (Kitis & Tuyn,
1998). In most cases this is systematic once a system has been calibrated, though if a
specific temperature of the dosemeter is needed several authors have proposed
corrections (Taylor & Lilley, 1982; Gotlib, 1984; Kitis & Tuyn, 1998; Betts et al., 1993;
Betts & Townsend, 1993; Piters & Bos, 1994).
2.4.2.2 Photomultiplier
In commonly used TLD readers, such as the Harshaw TLD reader, Photomultiplier
Tubes (PMTs) have been used for the detection of the TL emitted from the
sample (Thermo Fisher Scientific Inc., 2016; Robertson, 1975). However, as there are
many more optically sensitive PMTs available in more modern readers, it is easier to
find a reader suited to the material that is to be studied Cameron (1968). It is
essential that the wavelength detection range of the photomultiplier is adequate for
the sample(s) it is designed to read, hence collecting the maximum amount of
luminescence and information from said sample(s).
The Photo-Multiplier Tube (PMT) used in the Risø TL/OSL reader is a bi-alkali
EMI 9235QB PMT, a choice predicated on the basis of the detection efficiency of
luminescence for quartz and feldspar. As shown in 2.11, the maximum detection
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efficiency lies between 200 nm and 400 nm with a wider detection range of 160 nm to
630 nm (DTU Nutech, 2015).
Figure 2.11: Quantum efficiency of bi-alkali EMI 9235QB PMT as a function of
wavelength, shown by curve Q (fused silica) range 160 nm to 630 nm (ET Enterprises
Ltd, 2010).
2.4.2.3 Sample Holder
It is important that the sample holder is made of a material able to withstand
temperatures of the maximum temperature of the heating cycle, has good thermal
conductivity and is difficult to oxidise when exposed to the heating element. It is also
desirable for the sample holder to have a good level of reflectivity to allow for more
light to be collected by the photomultiplier. It is possible that oxidisation can affect
the heat transfer from thermocouple to sample holder to sample, though it can also
affect the reflectivity of the sample holder and ultimately the amount of light
detected.
Another important factor to consider is the range of TLD intensities; if there are
readings for low exposures the emissivity of the sample holder should be considered
according to the sensitivity of the photomultiplier in the system. A sample holder
with a low emissivity will be well suited for low exposure TLDs as this will reduce the
emission of black body radiation measured by the photomultiplier (Cameron, 1968).
The best design for a sample holder is one that has the least surface area exposed when
the sample is being held, this reduces the possibility of the reading of the TL response
varying from reading to reading as the solid angle of the light that encompasses the
photomultiplier is more likely to stay constant - increasing the reproducibility of the
system.
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2.4.2.4 Infra-red Filters
The main function of infra-red filters is to remove the infra-red radiation produced by
the heating element from the final glow curve of the TL for a given sample. The range
of wavelengths these filters need to be tailored to therefore depends on the heating
element chosen, the sample holder chosen (as this can also contribute to the total count)
and the temperatures that are to be used in the TLD reader. There is the option to use
filters when collecting TL data with the Risø TL/OSL readers, these were used for most
studies, specifically those for high doses and discussed in Section 3.3.0.1 in more detail.
2.4.2.5 Detector environment
All readers detecting a luminescent phenomenon are designed to be light tight as to
reduce the background count for the luminescence measured from the sample. It is
also common to have a flow of inert gas within the detector to reduce oxygen around
the heating element and thus reducing the likelihood of the sample holder oxidising
due to the heating source, the most common gas used is N2. It is a desirable feature
that modern readers are able to facilitate a semi automatic readout, where several
samples are placed with in a detector and the glow-curves and/or final TL response is
collected for each sample, in an effort to reduce labour time spent on operating readers;
this is met by the Risø TL/OSL reader. The detector environment of the Risø TL/OSL
reader is light tight with a N2 environment flowing to the planchets, in order to avoid
triboluminescence. It is possible to change the flow rate of the gas but has been kept
at a flow rate of 1 l min−1 for all readings herein.
2.4.3 Optimisation for Silica based materials
The majority of literature on thermoluminescence and dosimetry consists of studies
using phosphor materials, however the material used in this study is silica glass. It is
important to consider the differences in the traditional materials used in
thermoluminescent dosimetry and what is known about the TL properties of silica for
studies herein.
It has been found that for most samples studied at the University of Surrey using
a combination of the Risø TL/OSL reader and the Toledo TLD reader that the best
temperatures for reading are in the range of 300 ◦C - 370 ◦C. It has been found in
previous studies that the most effective heat cycle for colourless Silica using a Toledo
TLD reader, has a preheat temperature of 160 ◦C for 28 seconds, increasing to a readout
temperature of 300 ◦C for a period of 30 seconds, with a heating rate of 25 ◦C/s f(Jafari
et al., 2014a).
The studies here in are completed with the following heat cycle using the Risø
TL/OSL reader; one heating cycle from reader temperature to 370 ◦C using a heat
rate of 10 ◦Cs−1 and held at 370 ◦C for 20 s. The need for a pre-heat section of the
heat cycle is obsolete when using the Risø TL/OSL as the PMT in this equipment does
not detect glow peaks corresponding to superficial traps that are expected from
literature (Jafari et al., 2014a,b; Clark, 2012). It should also be noted that there are
limiting operation settings of the Risø TL/OSL such as a maximum heating rate of
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10 ◦Cs−1 and no option for recording data with a traditional pre-heat heating cycle
while recording a second plateau in temperature at the final heating temperature,
discussed in Section 3.3.
2.5 Silica
Silica is an amorphous non-crystalline solid composed of silicon and oxygen with the
chemical formula SiO2. Using Equation 2.77b and the chemical formula of silica the
effective atomic number can be estimated to 25.24, for a pure solid.
The effective atomic number is a value that is calculated by considering all of the
elements in a compound, the value is regarded a constant for single elements however
for a compound it is significantly energy dependent (Taylor et al., 2008).
Ze f f = m
√
Σ fnZmn (2.77a)
where fn is the fraction of the element of atomic number Zn in the empirical
formula of the compound, so that Σ fn = 1. Equation 2.77a becomes Equation 2.77b
when using m = 2.94, this is a common estimate used in radiotherapy measurements
at X-ray energies (Mayneord, 1937).
Ze f f = 2.94
√
f1(Z1)2.94+ f2(Z2)2.94+ ...+ fn(Zn)2.94 (2.77b)
The exponent constant of 2.94 is derived by Mayneord (1937) due to a constant
related to the photoelectric process. Studies into more accurate calculations for Ze f f
have been conducted by Taylor et al. (2008) with a more precise technique of
calculating Ze f f for a range of energies, for the studies herein using m = 2.94 is
sufficient thus far.
SiO4 forms as a tetrahedral structure, as shown in Figure 2.12, resulting in each
oxygen atom being shared between two Si atoms. On both a large scale and for local
ordering of Si atoms connected by O atoms, the empirical formula is expressed as
SiO2 (Karazi et al., 2017). Figure 2.12 also shows the varying parameters of silica
tetrahedra; the spacing between Si and O atoms, d; the Si-O-Si bond angle, θ, and the
torsion angles about the linking oxygen atom, δ1 and δ2. The bond angle parameters
can vary largely, affecting the way the tetrahedra are arranged resulting in varying
spatial arrangements, due to this there is no long-range order or uniformity.
There have been many studies into the structure of silica in the form of glass to
determine the optical properties it possesses. GeO2 doped silica is popular for use in
optical fibres, as it possesses a high reflectance and little internal absorption, hence
this glass is used for optical fibres. It also has the potential to be applied in
dosimetry (Bradley et al., 2014).
2.5.1 Soda-Lime Glass
Soda-lime glass is the most common type of glass, also referred to as commercial glass,
consisting of SiO2, Na2 and CaO; a typical concnetration of these compounds to form
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Figure 2.12: 3D model of two linked tetrahedral silica compounds connected by an Si-
O-Si bond, of angle θ, with the spacing between Si and O atoms measured as d and the
torsion angles about the central oxygen O bond denoted as δ1 and δ2, Figure influenced
by Salh (2011).
soda-lime glass is 73%, 7% and 4% respectively reported by (Karazi et al., 2017), with
the possibility of MgO and Al2O3 added in small concentrations. Broader chemical
compositions by weight percentage are reported by Hasanuzzaman et al. (2015) to be;
70-75 wt% SiO2, 12-16 wt% of Na2O, and 10-15 wt% CaO. Other elements are added
to glass to alter characteristics such as colour and durability, these are referred to as
dopants. In this structure the Na2O is bonded ionically rather than covalently like Si
to O.
The refractive index of soda-lime glass, n, is a function of the wavelength of incident
light, known as dispersion, displayed in Figure 2.13 as a function of wavelength (a) and
photon energy (b). For visible light this can vary from 1.517 to 1.551 (to 3 s.f.) and can
be calculated using Equation 2.78, specific to Soda-lime glass (Refractive Index Info,
2019),
n(λ)= 1.5130−0.003169λ2+0.003962λ−2 (2.78)
where λ is the wavelength of the light passing through the material, measured in
µm.
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(a) Wavelength. (b) Photon energy.
Figure 2.13: Refractive index, n, for soda-lime glass as a function of wavelength (a) and
photon energy (b) (Refractive Index Info, 2019).
2.5.1.1 Dopants
Dopants are often used in glass to alter the appearance of the bead, most commonly
by altering the colour. A very small percentage of the elements that go in to making
glass, ≤5 %, are needed to change the colour; for ruby glass as little as 50 ppm of
gold is used and black glass can be achieved by using ∼5 % metal oxides of the glass
mixture (Bullseye Glass, 2013).
Dopants of glass can also effect the refraction and polarisation of light through the
material. Increasing the polarisablity or electron density by introducing dopants can
alter the density of the glass, hence altering the refractive index. The lower the atomic
number of the dopant the lower the electron density and less dense the atom resulting
in a lower refractive index.
It should be noted that the compositional change in glass can lead to the formation
of a greater number of non-bridging oxygen bonds which increase the refractive index,
as non-bridging oxygen bonds are more polarisable than bridging oxygen bonds.
Bonding this way the Na atom becomes positively polarised and the the oxygen
negatively, resulting in the O atom not forming a Si-O-Si bridge, as it will only bond
with one Si atom rather than two (Hasanuzzaman et al., 2015).
Coloured glass is not only achieved by using ions or elements that cause colour
themselves but can also be due to colloidal particles formed throughout the
material (Compound Interest, 2015).
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Element
Effect
Name Chemical symbol
Titanium Ti Purple/Brown
Manganese (III) Mn3+ Purple
Neodyium (II) Nd3+ Purple-Heather
Cobalt (II) Co2+ Deep Blue
Copper (II) Cu2+ Blue
Calcium + Sulphur Ca + S
Blue
(Borosillicate glasses)
Chromium (III) Cr3+ Green
Iron (III) Fe3+ Green
Praseodymium PR Green
Uranium U4+/5+/6+ Light Green
Chromium + Cadmium + Sulphur Cr + Cd + S Lime Green
Cerium Ce Yellow
Cadmium Sulphides CdS Yellow
Iron + Sulphur FeS Amber to Orange
Antimony Sulphide Sb2S3 Red
Selenium + Cadmium Disulphide Se + CdS2 Pink, Red, Orange
Selenium Se Pink-Red
Erbium (III) Er3+ Pink-Rose
Gold Au Ruby
Nickel (II) Ni2+ Brown/Decolourising Agent
Titanium Dioxide TiO2 Grey
Fluorine (as a salt) F (as NaF or CaF) Milky/Opalescent
Silver Ag Iridescence
Bismuth Bi Iridescence
Potassium K Chemical Strengthening
Aluminium Oxide Al2O3
Improves viscosity, density
& chemical durability
Table 2.1: Table of dopant elements and the effect achieved organised by colour
and effect (Compound Interest, 2015; Issitt, 2005; Bullseye Glass, 2013; CAMEO,
2016; Caddy, 2001; Geology.com, 2019; Liu et al, 2013; Guldiren et al., 2016; Current
Industrial News , 1912).
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2.5.2 Electron Trapping in Silica
After several decades of spectroscopy studies it has been found that there exist around
a dozen intrinsic defect types in pure silica with ten times as many due to impurities.
However, from these studies it is noted that it is very difficult to evaluate the trap
distribution of a luminescent material as the wavelength of luminescence measured
is an indicator of the recombination and not the trap the electron has been liberated
from (Salh, 2011).
The better approximation for the energy of the electron trap is given by the E put
into the system during heating though this is an estimation/calculation and may be
difficult to differentiate between close energy traps due to non-ideal heating
conditions during the experiment. Salh (2011) describes a complex model, which is
likely to be true in glass with or without dopants, where energy levels lie within the
forbidden energy gap providing possible electron traps and recombination centres due
to impurities (dopants) or lattice defects; this makes the identification of active traps
increasingly more challenging. Electron trapping and the discussion of energy levels
refers to the semiconductor model of glass, with an energy gap between the VB and
CB. The most accepted value for the band gap in glass is 9 eV (Griscom, 1979), this
can also be referred to as the forbidden gap.
Research conducted by El-Sayed et al. (2013) state that impurity centres are the
dominant contributors to electron trapping in Silica. It has also been experimentally
found that electron traps can form due to structural strain, which also contribute to
the total luminescence of the material. The creation of electron traps has been
experimentally achieved by (Bradley et al., 2015), by enforcing structural strain to
increase the number of intrinsic defects and ultimately increasing the TL sensitivity
of the dosemter.
2.5.2.1 Experimental Measurements and Defect Structures
It has been observed that irradiation, mechanical stress, temperature change and the
presence of impurities can effect the formation of defects and/or the transformation of
existing defects to other defects in SiO2 (Mitchell & Denure, 1973; Trukhin et al.,
1998; Salh, 2011). Observations of silica based materials undergoing ion-induced
luminescence have brought an understanding as to how electron trapping occurs
within the structure, identifying the depths of electron traps and their type of colour
centres (Bachiller-Perea et al., 2015; Nagata et al., 2007). Works by Bachiller-Perea et
al. (2015) use both heavy and light ions to induce luminescence exposing the electron
traps corresponding to the two peaks currently studied in TL dosimetry of silica, with
depths of 1.9 eV and 2.7 eV.
There are several well documented traps that are defined and grouped by specific
changes to the structure of the silica arrangement with in a dosemeter, these are
evaluated by Salh (2011) and discussed below.
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Oxygen Deficiency Centres
The first defect type to consider in glass are Oxygen Deficiency Centres (ODCS), these
can be neutral, ODC(I) and ODC(II) illustrated in Figure 2.14, or carry a charge, E’
centres illustrated in Figure 2.15. ODC(I) describes silica tetrahedra as displayed in
Figure 2.12, though bridged straight from Si to Si atom without the presence of the
bridging oxygen atom. ODC(II) can be of two forms; one as that of the ODC(I) though
with an unrelaxed bond between the two Si atoms, or a twofold Si with two unpaired
electrons facing the bridging oxygen of a neighbouring bridge. Interactions between
the forms of ODCs by Nishikawa et al. (1994) and Soel et al. (1996) show
photo-luminescence and 4.4 eV and 2.7 eV with decay constant of 4.0 ns and 10.4 ns
respectively.
(a) ODC(I) (b) ODC(II)
(c) Twofold ODC(II)
Figure 2.14: Diagrams showing different structures of ODCs, with the arrows
representing electrons with specific spin orientations, Figures influenced by Salh
(2011).
Photoluminescence techniques show evidence of a deeper electron trap with
energy of 3.1 eV thought to originate from intrinsic Oxygen Deficiency Centres
(ODCS). This is supported by calculations carried out by El-Sayed et al. (2013) once
experimentally identified in Metal-Oxide-Semiconductor (MOS) devices; stating that
electrons are also capable of becoming intrinsically trapped in silica structures given
that the O-Si-O bond angle is wide enough for electron traps at depths of 3.2 eV. In
this case the Si atom acts similarly to a Ge atom in Ge doped Si materials (such as
optical fibres), with the sufficient bond angle always leading to spontaneous
localisation of excess electrons exceeding 132o. These studies were performed for
4H-SiC MOS devices, although the author states that the behaviour occurs in all
devices containing SiO2 with a concentration of up to ≈ 5×1019 cm−3.
E’ Centres
E’ centres consist of an unpaired electron in the tetrahedral SiO4 arrangement in the
sp3 orbital, as shown in Figure 2.15. The four main types of E centres are E’α, E’β, E’γ
and E’s, all consisting of an unpaired electron. In annealed glass it is likely that E’α is
not present as the defects are corrected for temperatures > 100 K Griscom (1984). E’β
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centres consist of a H replacing the O in the bridging position causing an unpaired
electron to be outward facing (opposite the broken bridge). E’γ centres consist of the
breaking of the bridge between two silica tetrahedra, resulting in a positively charged
silica and a silica with an unpaired electron in the location and direction of the broken
bridge. The E’s variants were found by Skuja-98; E’s(1) described having an unpaired
electron with a constant isotropic hyperfine splitting and E’s(2) whose unpaired
electron neighbours a OH group bonded to the neighbouring Si.
(a) E’α (b) E’β
(c) E’γ (d) E’s
Figure 2.15: Diagrams showing different E’ centre defects, with the arrows
representing electrons with specific spin orientations, Figures influenced by Salh
(2011).
Non-Bridging Oxygen Hole Centres (NBOHC)
Another defect to consider in glass are Non-Bridging Oxygen Hole Centres (NBOHC);
this centre consists of a broken Si-O-Si bond between two tetrahedra, neutral in
charge overall and well characterised. Studies by Trukhin et al. (1998) present a red
luminescence band at 1.8 eV caused by Non-Bridging Oxygen Hole Centres (NBOHC)
and 2.7 eV and 4.4 eV blue and ultraviolet bands respectively, thought to be due to
coordinated silicon centres. The review conducted by (Salh, 2011) presents the
findings of luminescence occurring at 1.9 eV though this band has also been linked to
G-value that can shift between 1.8 and 2.0 eV (Skuja et al., 1995). Investigations
by Nagata et al. (2007) support the previously presented results, also suggesting that
the 1.9 eV and 2.7 eV are due to NBOHCs.
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Peroxyl Defects
Peroxyl bridges and peroxyl radicals refer to the change in the glass structure by an
additional oxygen atom, shown in Figure 2.16; with a peroxyl bridge consisting of -Si-
O-O-Si- and a peroxyl radical referring to a -Si-O-O bond resulting in an overall charge
in the pi bond between the oxygen atoms.
(a) Peroxy bridge (b) Peroxy radical
Figure 2.16: Diagrams showing peroxy bridge and an example of a peroxy radical, with
the arrows representing electrons with specific spin orientations, Figures influenced
by Salh (2011).
Self Trapped Excitations (STE)
Finally to be considered is the Self Trapped Excitations (STE) type of defect. STEs
may be the most prominent type of defect to contribute to the phenomenon of
thermoluminescence in glass. These are short lived transient defects created due to
electron-hole pairs or electron-phonon interaction. Luminescent bands between 2 and
3 eV have been linked to STEs, attributed to the characteristic blue luminescence of
silica to due to electron hole combinations (Salh, 2011).
Structural defects such as the addition of Ge in glass creates a luminescence band
in quartz at 2.5 eV, compared to the 2.8 eV band for un-doped quartz (Hayes & Jenkin,
1988). With the first excitation peak in quartz at 8.7 eV and the absorption edged
determined as 9.3 eV (Itoh et al., 1989), the binding energy can be determined as 0.6 eV
(Bosio & Czaja, 1993). The physical models associated with STEs are defects that have
been previously discussed, effectively creating coloumbic potentials that electrons can
be trapped in. These defects originate from the concept that a Si-O bond is broken to
form an O-O bond, though these vary considering the different conditions and bonding
arrangements local to the defect. One of the differences to the type of defect is the Si-
O bond distance, with a short bond measuring ≈1.07 Å and the long bond measuring
≈1.612 Å (Hayes et al., 1984).
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Chapter 3
Experimental Procedures
3.1 Sample Preparation
All beads investigated are produced such that they have an inner concentric hole to
enable them to be threaded onto say a bangle or necklace, as they are produced for the
intention of jewellery, also being available in various single colours. The beads used in
the experiments presented in this document were from three different manufacturers;
Toho from Czech Republic (TCR), Mill Hill from Japan (MHJ) and Toho from Japan
(TJ). The TCR and MHJ beads were compared to one another to investigate the
difference in TL response by different finishes to the bead and quality of the product,
for dosemetric purposes, from each manufacturer; these studies are presented in
section 6.3.2. The difference in physical appearance of the beads as a result of the two
different finishes is demonstrated in Figure 3.1 and Table 3.1.
TJ beads were used in later investigations as the preferable beads after MHJ beads
were no longer available, all experiments using the Alurtron electron beam as the
irradiation source used TJ beads. The density of beads of similar composition, mainly
silica, has previously been measured to be 2.09±0.01 g cm−3 (Jafari et al., 2014a).
3.1.0.1 Toho, Czech Republic beads (TCR)
Beads investigated from Toho from the Czech Republic were of two forms, in the first
form, the outer diameters ranged from 1.46 mm to 2.30 mm and had a frosted finish,
with the other form had outer diameters of 1.24 mm to 1.46 mm and were transparent.
The sample size for these beads was from 28-30 beads per colour, except for the blue
and maroon beads; for the latter, as a result of the height restriction placed upon the
samples (see section 3.3), these had a sample size of from 16 to 23.
3.1.0.2 Mill Hill, Japan beads (MHJ)
The Mill Hill beads from Japan that were studied were, with the exception of the
frosted white beads, all transparent, the beads varying in outer diameter for specific
beads; the clear petite, light bronze and dark blue beads were of outer diameters
ranging from 1.58 mm to 1.63 mm, while the others were of outer diameters ranging
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Figure 3.1: Magnified image of a frosted
(referred to herein as white) Toho, Czech
Republic bead (left) and a clear Mill
Hill, Japan bead (right) at magnification
×5, using an Olympus Japan BH2-MA-2
Microscope.
Figure 3.2: Diagram to show the
dimension labelling of the beads used,
with the lighter region representing the
hole in the middle of the bead. This is
also the orientation that the beads sit on
the planchets in the reader with the hole
axis perpendicular to the surface of the
planchet.
from 2.17 mm to 2.20 mm, see Table 3.1. Fewer beads than the TCR beads had to be
discounted from readout and sample sizes where within the range of 24-29 beads per
colour.
3.1.0.3 Toho, Japan beads (TJ)
Toho Japan beads had diameters varying from 1.95 mm to 2.20mm and heights varying
from 1.08 mm to 1.76 mm. The difference in physical appearance of the beads as a
result of the two different finishes is demonstrated in Figure 3.6, this applies to the
Frosted and Rose beads which have a translucent finish where as all other beads are
transparent. It should also be noted that all beads obtained as Pink lost all colour,
becoming colourless and transparent after annealing and some even in the cleaning
stage of preparation.
3.1.1 Cleaning
Some beads used in this experiment arrived from the manufacturers complete with a
visible inner metallic coating, hence different beads were cleaned with use of an
ultrasonic bath and varying strength of nitric acid. For beads with no visible coating
7 % nitric acid solution was used, 20 % nitric acid solution for beads that had an inner
metallic coating for decorative purposes.
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Bead Colour Photo
Frosted (F)
Clear Petite (T)
Clear (T)
Pink (T)
Blue (T)
Dark Blue (T)
Red (T)
Light Bronze (T)
Green (T)
(a) Mill Hill, Japan.
Bead Colour Photo
Frosted (F)
Blue (F)
Clear Blue (T)
Red (F)
Orange (F)
Yellow (F)
Green (F)
Maroon (F)
(b) Toho, Czech Republic.
Table 3.1: Table for each bead type from both manufacturers (a) Mill Hill, Japan and
(b) Toho, Czech; F and T correspond to the bead either being F-frosted or T-transparent.
A fraction of the beads arrived from the manufacturers complete with a metallic
coating, a surface dressing that prior to annealing needed to be removed to mitigate
the possibility of oxidisation during annealing and readout. For such removal, all beads
were washed in a 7 % molar nitric acid solution, that was heated up to 60 ◦C and
maintained for 5 mins and then cooled naturally, using a magnetic stirrer hot plate
mixer (Ikamag RM, Janke & Kunkel IKA Labortechnik); the process is aided by using
a magnetic flea stirring device.
3.1.1.1 Toho, Japan Bead Cleaning
The process of cleaning as described above is not sufficient for removing the metallic
coating of the inside of the bead for beads from new manufacturer Toho, Japan,
Figure 3.3. Due to the previous technique not being sufficient enough to remove any
of the coating a stronger solution of nitric acid was used 20 %, even with the use of a
stronger acid for a longer period of time, some coating was still present, Figure 3.4.
In this case the cleaning process was tested and washed beads were compared to
unwashed beads, making this comparison it was apparent that bathing the pink beads
for a sufficient time to remove the inner coating also caused a loss of colour, this did not
appear for the red beads. To date the loss of colour from the pink beads has not been
resolved, it has in fact been observed that once the pink beads have been annealed
(see section 3.1.2) they appear to have an entirely colourless appearance, as shown in
Figure 3.6. In these studies the Pink beads will still be labelled as Pink even though
they are colourless.
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Bead Colour Bead Code Description Photo
Blue 8 Transparent Blue
Frosted 1F Transparent Frosted Crystral
Green 72 Transparent Beach Bottle Green
Lilac 1300 Transparent Alexandrite
Lime 4 Transparent Lime Green
Pink
Annealed
2216
Colourless Transparent
Washed Pink Transparent
Un-washed Silver Lined Pink Transparent
Red
Washed
25B
Transparent Siam Ruby
Un-washed Silver Lined Transparent Siam Ruby
Rose 11F Transparent Frosted Rose
Topaz 2B Transparent Med Topaz
Yellow 12 Transparent Lemon
Table 3.2: Table of Toho Japan 11/0 round beads with the manufacturers codes.
Figure 3.3: Photo showing the metalic
residue remaining on the inside of Pink
and Red beads.
Figure 3.4: Photo showing the metalic
residue removed from the Pink and Red
beads, in the cleaning beaker.
3.1.2 Annealing Process
Prior to annealing beads are strung on to either a stainless steel, gold or aluminium
wire, for ease of handling. The string of beads were annealed in a Pickstone oven in
air (Island Scientific Ltd, Ventnor, UK) equipped with a Eurotherm
controller/programmer type 815 by heating to in excess of 400 ◦C at a rate of
600 ◦C/hour, then maintained for an hour at that temperature and left to cool
naturally in order to reduce the risk of stress fractures and associated strain-related
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defect generation, to maintain the original TL response (Furetta, 2003).
Figure 3.5: Photo of
remaining solution after
cleaning Pink beads, now
transluscent pink .
Figure 3.6: Photo of
Pink beads, appearing
colourless after acid
cleaning and annealing.
Figure 3.7: Photo of
Pickstone oven used
for annealing.
3.1.3 Storage
Between irradiation and readout, measures need to be taken to reduce the amount
of light to which the beads are exposed, reducing the likelihood of altering the actual
TL response induced due to intended radiation exposure (Furetta, 2003). The strings
of beads are wrapped in aluminium foil and stored in a light-tight box; the beads are
only taken out for irradiation and subsequent readout of their thermo-luminescent
response.
3.2 Irradiation
3.2.1 X-ray
Irradiation of the beads was carried out, by collaborator S. Jafari at Queen Alexandra
Hospital (Portsmouth, UK), using a 6 MV photon beam provided by a Varian electron
linac (Varian Medical Systems, Palo Alto, CA), collimated to yield a uniform field of
dimensions 15 cm x 15 cm delivering a dose of 10 Gy .
3.2.2 Beta
Irradiation of the beads was carried out using the Sr90/Y90 source contained within
the readout device; Risø TL/OSL (see section 3.3). The activity of the source is
approximately 37 MBq and has a dose rate characterized for quartz of approximately
0.02 Gy s−1. The source emits beta particles at a maximum energies of 0.546 MeV and
2.27 MeV (DTU Nutech, 2015). Doses of 5, 10, 15 and 20 Gy were delivered to the
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beads within the reader one at a time for varying lengths of time (250 s, 500 s, 750 s,
1000 s, respectively) to deliver the desired dose level. The Risø TL/OSL machine has a
sample size restriction, specifically in regard to the height of the samples that can be
analysed, when located in the samples receptacle, being restricted to a maximum of
2.0 mm. The source is at a distance of 7 mm from the bead when irradiation
occurs (DTU Nutech, 2015), reduced to between 5 mm and 6 mm depending on the
height of the bead under irradiation. The details of the irradiation for the X-ray
irradiation data can be found in Ley et al. (2019.).
3.2.3 Alurtron
Irradiation of the beads was carried out using the Alurtron Electron beam source at
the Malaysian Nuclear Agency. Doses from 1.0 kGy to 250.0 kGy were delivered using
an electron beam with basic parameters as follows; 1 MeV electron energy, 1 mA beam
current, 11.4 m/min source speed for 1 kGy per pass, with a window space sample size
of 20 cm. Delivery of doses is recorded in Table 3.3.
Dose (kGy)
Beam Current
(mA)
Dose per
Pass (kGy)
Speed
(m/min)
Number of
Passes
Additional
doses (kGy)
Control
(0.0)
N/A N/A N/A N/A N/A
1.0 1 1 11.4 1
2.5 1 2.5 4.56 1
5.0 1 5.0 2.28 1
7.5 1 7.5 1.52 1
10.0 1 10.0 1.14 1
25.0 2 20.0 1.14 1
30.0 3 30.0 1.14 1
40.0 2 20.0 1.14 2
50.0 5 50.0 1.14 1
60.0 2 20.0 1.14 3
75.0 5 50.0 1.14 1 1×20 + 1×5
100.0 2 50.0 1.14 2
125.0 2 50.0 1.14 2 1 ×20 + 1×5
150.0 2 50.0 1.14 3
175.0 2 50.0 1.14 3 1 ×20 + 1×5
200.0 2 50.0 1.14 4
225.0 5 50.0 1.14 4 1 ×20 + 1×5
250.0 5 50.0 1.14 5
Table 3.3: Table detailing the parameters and technique for the delivery of each dose,
with varrying; belt speed, beam current, repeated doses and additional doses.
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3.2.4 Neutron Irradiation
Preliminary neutron studies conducted in collaboration with staff at The University of
the West Indies consisted of the shielded and unshielded irradiation of Pink, Frosted
and Red beads. The beads were irradiated for a total time of 18 mins for both shielded
and unshielded bead groups. The neutron dose rate was calculated to be 6.9 Gy, as
well as a calculated gamma dose of 0.53 Gy by use of MCNP simulations conducted
by Williams (2018).
3.3 Readout
The thermoluminescence readout system used in these experiments is a Risø TL/OSL
facility manufactured by the Risø National Laboratory, Technical University of
Denmark (DTU). The Risø facility was controlled using the ’Sequence Editor’
program, operated in the preheat setting to acquire data throughout the heating
cycle, recording the profile of the glow-curve, with a detection range of 100 nm to
625 nm. The beads were heated in a nitrogen environment, from room temperature to
a maximum of 370 ◦C at a heating rate of 10 ◦Cs−1. At this set temperature the
systematic deviations are within 0.25 ◦C , with the maximum heating rate of the
system being 10 ◦Cs−1 and a heating rate below 5 ◦Cs−1 recommended to reduce the
likeliness of temperature lag affecting the glow-peaks (DTU Nutech, 2015).
The temperature during the heating is not recorded in the files containing the data
for the TL response, hence the temperature is calculated form the heat cycle applied,
assuming that T0 = 25◦C. This has shown to sufficiently match the behaviour of the
data, as discussed in Section 4.1. There heat cycle chosen is also restricted to a
maximum heat rate of 10 ◦Cs−1 as previously mentioned, as well as the occurrence of
a pre-heat readout. A plateau in the heat cycle can only occur once, meaning that the
temperature can only be constant on one occasion for a continual readout. Either a
constant heating rate is applied and a constant temperature is achieved at the end of
the heat cycle, or a constant heating rate is applied with a plateau at a constant
temperature for a given time and then a second increase in temperature occurs with a
constant heating rate until T f is reached. In both cases the sample cools to 60 ◦C
before the next command entered in the ’Sequence Editor’ program is initiated.
The planchets used to hold the samples were stainless steel, produced by the
DTU-located manufacturers, DTU Nutech, with the beads placed with the hole axis
perpendicular to the planchet surface during readout. The Risø TL/OSL machine has
a sample size restriction, specifically in regard to the height of the samples that can
be analysed, when located in the samples receptacle, being restricted to a maximum of
2.0 mm.
Readout systems used for similar and previous work (Abdul Sani, 2014; Jafari et
al., 2014b), such as HARSHAW and TOLEDO readers, are designed for phosphates
with a wide sensitivity and vulnerability to infrared glow-peaks. Comparing the Risø
with the HARSHAW and TOLEDO readers, shows a change in the range of wavelength
sensitivity, enhanced for detecting blue and UV luminescence, cognizance being taken
of studies and TL emissions of quartz (DTU Nutech, 2015). Unlike the HARSHAW
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and TOLEDO, which record the presence of the preheat peak occurring at ∼160 ◦C
expected to be due to a shallow trap in the silica and corresponding to a wavelength of
∼650 nm (Bachiller-Perea et al., 2015), the Risø TL/OSL facility produces a glow curve
of a single peak, with the preheat peak lying in the low sensitivity detection range of
the PMT, see Figure 2.11.
3.3.0.1 Filters
The Risø TL/OSL facility has a set of several filters that are optional for readout
procedures. For all high-dose readouts, irradiated by the Alurtron source, two filters
were used to reduce the TL response measured as early investigations showed a
saturation of the photo-multiplier tube when no filters were used at higher doses,
Figure 3.8. This effect was observed for Pink, Frosted and Rose beads for doses ≥
5 kGy, with Blue, Lilac and Rose beads showing a saturation in TL response at larger
doses.
Figure 3.8: Saturation of TL response in the glow-curve for a Frosted bead irradiated
to 5 kGy, without the use of filters during readout.
For studies investigating doses ≥ 1 kGy the 2.5 mm U340 and 5.0 mm U340 filters
were both used. However, for β, X-ray and some neutron investigations no filters were
used due to the smaller magnitude of TL response. This gave a large background count
as the glow from the planchets contributed to the counts detected by the PMT, the
method used to eliminate the contribution of the glow from the planchets is discussed
in Section 4.
The filters used in the aforementioned studies were two thicknesses of the U340
Hoya Ultraviolet Transmitting, Visible Absorbing filter, (Sydor Optics, 2019; DTU
Nutech, 2015). The filter is characterised to absorb in the visible region of light, as
such, the main transmission band for 250 nm to 400 nm and a secondary band with a
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tenfold reduction in the magnitude of transmission for 670 nm to 800 nm. Due to the
quantum efficiency of the PMT used in the Risø TL/OSL reader only the region of
250 nm to 400 nm will be detected when the filters are used.
3.4 Scanning Electron Microscopy (SEM) and
Energy Dispersive X-ray Spectroscopy (EDS)
The Scanning Electron Microscopy (SEM) studies were performed using a Jeol
JSM-7100F Field Emission Scanning Electron Microscope, with Energy Dispersive
X-ray Spectroscopy (EDS) studies performed using the Thermo Scientific Ultra Dry
EDS Detector. Beads needed to be prepared and set in a specific sample to be held
securely in the microscope.
Figure 3.9: Jeol JSM-7100F Field Emission Scanning Electron Microscope and desktop
set-up, fitted with Thermo Scientific Ultra Dry EDS Detector.
3.4.1 Theory of Operation and Operation Principles
3.4.1.1 SEM
SEM utilises the interactions of high energy electrons, produced by an electron beam
and accelerated and focused within the microscope, to cause secondary events such as
secondary electrons, backscattered electrons and characteristic x-rays that are
collected by one or more detectors to characterise the sample. The depth of the sample
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being examined changes due to the depth of the electrons, this is altered by altering
the accelerating voltage of the electron beam (NanoScience Instruments, 2019; Leng,
2013).
3.4.1.2 EDS
EDS is achieved by exciting the electrons in the atoms of a sample due to an external
energy source, such as a high energy electron beam, to an electron shell of a higher
energy (Leng, 2013). The element that has been excited is identified once the excited
electron returns to the electron hole in its original shell, emitting an x-ray in the
process. The transition from an outer electron shell of an atom to the original shell,
where the electron hole was made, produces a characteristic x-ray of specific energy.
EDS comprises of a x-ray emission spectrum, with an upper energy limit determined
by the energy source exciting the electrons and a lower detection limit; for these
studies an upper limit to the EDS studies was 8 keV with an operating voltage of
15 kV and the lower detection limit of 0.25 keV just making it possible to identify
Carbon Kα 0.277 keV (Bruker, 2015).
The x-ray emission spectra of a sample can then be compared to a library of x-ray
emission energies to identify the elements corresponding to measured peaks. EDS
software can be used to achieve identification of peaks as well as % weight analysis
and other techniques, when used alongside SEM mapping of elemental identification
can also be achieved to show the distribution of detected elements in a sample.
3.4.2 Sample Preparation
There are several steps involved in the preparation of the beads for them to be a
suitable sample to place in the microscope.
3.4.2.1 Setting in Resin
It is preferable to use beads of similar height in the same sample due to the polishing
of the resin that is performed later in the preparation stages. The resin used was
Struers EpoFix Kit with 15 ml EpoFix to 2 ml of hardener, mixing with a stirring
action to avoid creating bubbles in the mixture in a water bath of warm water mixing
for 2 mins. Once stirred in the mixture was left to stand for 1 min to let the bubbles
rise, after this time the bubbles should be brushed off to the side of the container. The
mixture remains less viscous for 15 mins after mixing so all rearranging for setting
must be done in this time (Struers, 2019).
While the mixture is the correct viscosity the beads are placed in the required
positions in the mould for the sample holder, see Figure 3.10 and then the mixture is
slowly poured on top of the beads to fill the mould. Different techniques to place the
beads in either orientation were tested, including the use of a vacuum and double
sided tape. The best technique was placing the beads in resin and removing the air
bubbles formed in the resin and the centre of the bead using a cocktail stick.
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Figure 3.10: Image of two moulds used for resin setting; (left) mould with beads held
in position with double sided tape, (right) empty mould.
Beads were either set in a resin sample with the hole perpendicular to the base of
the sample base (thus looking through the hole as observing through the microscope),
or parallel to the sample base (thus a side view as observing through the microscope).
The samples were left to set overnight (approximately 16 hours), removing the
sample from the mould was achieved by placing the plastic mould to in hot water for
10-15 seconds and squeezing if the base has not already popped off of the sample.
3.4.2.2 Polishing
Before samples are used on the polishing machine they are sanded down to remove any
rough features such as excess resin and sharp edges. This is done using a wet polishing
240 wet and dry sheet, while rotating the sample in a twist and turn action by hand
and applying pressure onto the plate. The sample number is then etched into the back
of the sample to easily identify it.
The ATM Grinding and Polishing Machine SAPHIR 520, as shown in Figure 3.11,
was used to polish the samples, the routine process used for polishing was determined
by the guides for pre-set procedures dependent on sample material, for glass samples
similar to the glass beads Struers Method no. 1346 was recommended. In the case
of the glass beads the procedure was slightly adapted from the recommended Struers
procedure, detailed below.
Polishing to a grade sufficient for the SEM/EDS requires several rounds of polishing
using different discs and caution needs to be taken when polishing samples such as the
glass beads to ensure the correct depth of the sample object is at the surface of the resin
block.
• 800 grade wet and dry silicon paper.
• Lubrication: water.
• Speed: 300 rpm.
• Load: 20 N.
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• Time: 10 s (Note: this paper only lasts for ∼ 30 s, do this part of the process in
10 s increments. Set to 30 s but do 10 s at a time).
• Rotation: Same direction.
• Wet metal plate to stick paper and wet (either by jug of water or by spinning).
• Load samples into arm once it has been set to correct distance over plate. Place
samples as far apart from one another as possible.
Figure 3.11: ATM Grinding and Polishing Machine SAPHIR 520.
Once the samples have been through this polishing process they should be rinsed
and dried by hand. First by running them under a tap, then spraying them with
detergent and finally with a paper towel. The paper towel should be wet, firstly going
gently around the edge of the sample, wetting the towel again and then going over the
surface of the sample with only the weight of the paper towel. Next, Isopropanol is
squirted over the sample over a waste bin. Immediately after this, a hair-dryer is used
to dry the sample, using the 2 middle settings while tilting the sample down and
pushing the hair-dryer across the sample to form a wave of Isopropanol moving off of
the sample. This rinsing and drying process is repeated after every polishing step.
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The sample is then polished again using:
• MD Largo 9 µm plate
• Lubrication: DP blue (hand pumped aerosol). & Diamond spray 9 µm
• Speed: 150 rpm.
• Load: 20 N.
• Time: 5 mins
• Rotation: Same direction.
• Spin, spray with diamond and a good spray of lubricant.
• Load samples into arm once it has been set to correct distance over plate. Place
samples as far apart from one another as possible.
• Spray with lubricant every 15 s moving outwards from the center.
• Spray 2 squirts of diamond spray every 1 min.
The samples are also to be placed face down in a sieve in an ultrasound bath for 30 s.
Wash and dry the sample as before and wash off plate using 9 µm brush after turning
water on and rotating. The plate should be placed to dry in front of the air-blower in
the fume cupboard.
The sample is then polished again using:
• MD Dac DP Susp P 3 µm plate
• Lubrication: DP blue (hand pumped aerosol). & Diamond spray 3 µm
• Speed: 150 rpm.
• Load: 15 N.
• Time: 4 mins
• Rotation: Same direction.
• Spin, spray with diamond and a good spray of lubricant.
• Load samples into arm once it has been set to correct distance over plate. Place
samples as far apart from one another as possible.
• Spray with lubricant every 15 s moving outwards from the center.
• Spray 2 squirts of diamond spray every 1 min.
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The final stage of the polishing is to use the OP-S plate. Before using the plate
the red side of plastic plate should be run with water to make sure there is no white
coagulant on it. The tube for the opus must be clear of blockages (done using a cocktail
stick). Wet the plate with water and prepare a jug of soapy cold water with some cotton
wool in it. The polishing process is as follows:
• MD Chem OP-S 0.04 µm plate
• Lubrication: Opus
• Speed: 150 rpm.
• Load: 10 N.
• Time: 2:15 mins.
• Rotation: Opposite directions.
• Spray with Opus every 10 s, to keep the plate only just wet and shiny.
• With 15 s remaining, run water in to dilute the Opus.
The Opus solution used in the process above is manufactured by MetPrep Ltd. as
Opus colloidal silica 0.04 micron Non-crystallising. As before, the samples should not
be left to dry, in this case soapy cotton wool should be lightly rubbed over the surface
of the sample and then the sample should be cleaned with Isopropanol and dried using
the hair-dryer, as described previously. The plate should not be left to dry, to clean it
water should be passed over it and scrape the surface with plastic. The plate can then
be left to dry as stated previously for other plates.
3.4.2.3 Coating
Figure 3.12: Prepared sample in sample
vessel and copper contact tape, the glass
beads can be seen at the surface of the
sample.
After polishing the samples were coated
in a thin layer of carbon to reduce the
charge build up when using the SEM,
this was completed by the technical staff
in the Engineering department at the
University of Surrey.
Before using the SEM, the sample
must be placed in the appropriate vessel
for use in the SEM. Also, copper tape is
used on the surface of the sample and
the sample holder to aid in the discharge
of any charge build-up. The ready-to-
use sample in specific sample vessel with
copper tape is shown in Figure 3.12.
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3.4.3 Operation
The SEM was operated by setting the working distance (WD) to 10.0 mm, with the
accelerating voltage and probe current set as starting points to 15 kv and 8 µm
respectively, for images a probe current setting of 6 produces a clearer image of the
surface.
The backscatter feature was only used when EDS measurements and mapping of a
particular area was required. EDS data was gathered using the software ’Pathfinder’.
These measurements were achieved by obtaining the image from the electron
microscope and mapping out the areas and/or points on the image that required EDS
and then acquiring the spectra. Pathfinder could also be used to analyse the data
collected to an extent by showing; the elements detected, the relative weight
percentages and giving access to a library or KLM x-ray emissions for elements to aid
identification of peaks.
3.4.3.1 EDS
When using the mapping feature for EDS the optimum dead-time was 30-40 %,
starting parameters were changed to try to optimise this, though in some cases a
dead-time of 25 % was found to be sufficient. Each mapping reading was completed by
using 100 frames.
3.4.3.2 WDS
As for the EDS measurements a high dead-time is needed for the operation of the
WDS feature, with a required dead-time between 30 and 50 %. The recommended
energy range for scanning is ± 50 eV about the X-ray emission peak of interest. The
WDS operating software used for these studies was part of the Pathfinder software,
also used for EDS studies. For the WDS to calibrate, a WDS scan of the same area
of interest is needed to correctly align the sample to essential to achieve a successful
scan; this is an automated process completed by tilting the sample in the microscope
relative to the x-ray detector and calibrated by centring on a significant peak in the
EDS spectra.
Once the alignment has been completed and the required energy range chosen and
imputed the user must select a diffracting crystal, only those that apply to the defined
energy range are available though sometimes an energy range can overlap the range
of the crystals and more than one option is available. In this case there can be a
difference in result as on the lower energy limit of a crystal a higher resolution can be
achieved but a low number of X-ray emissions may be observed, for the higher energy
limit the opposite limits exist. To identify a WDS peak the peak must be at least double
the counts of that found for the mean background. It should also be noted that peaks
are often shifted to a higher energy than those expected and defined in the Pathfinder
library (Jones, 2019).
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3.5 Spectrophotometer
3.5.1 Operation Principles of Spectrophotometer
A spectrophotometer can measure the absorbance, reflectance or transmission of light
of specific wavelengths for a given material. There are two types of spectrophotometers,
ones with either one beam of incident light on a sample or those with two beams of
incident light measured simultaneously. Spectrophotometers using two beams of light
require a reference sample to produce a relative reading. This is achieved by comparing
the light intensity collected form each beam line.
Both types of spectrophotometer operate in the same way, initially light is
separated using a diffraction grating, producing a beam of light with a specific
wavelength. Then utilising a monochromator a compact beam with reduced noise is
passed through the source windows, this beam then passes through the sample area.
Opposite the incident light there is a detector, or detectors for a two beam
spectrophotometer. For spectrophotometers that facilitate a large a detection range
several detectors are used and can be changed for their efficiency to well match the
light passing through the sample and reference area (Nilapwar et al., 2011).
3.5.2 Varian Cary 5000
The spectrophotometer used in these studies is a Varian Cary 5000 UV-Vis-IR machine,
with an operating range of 3000 nm to 150 nm, however at time of use viable results
were only able to be obtained to a minimum wavelength of 200 nm. For wavelengths
< 200 nm, a gas supply is needed to quench the system. The spectrophotometer uses a
sample and a reference beam to measure the absolute intensity of light passing through
a sample or calculate the transmittance or reflectance of a sample that is either solid
or liquid, see Figure 3.13.
Both the liquid and solid plates were used in these studies to determine the most
efficient and reproducible technique of characterising the transmission spectra of
different glass beads. For the solid plate several experimental techniques were tested,
all requiring the pinhole plate, see Figure 3.14a. As for the liquid plate, the same two
plastic cuvettes were used; keeping the reference and sample beams constant, see
Figure 3.14b.
The zero/baseline correction was used in the supporting program (Cary WinUV) to
calibrate the detector before each reading, in this mode the wavelength range and
light output, either; Transmission (%), Reflectance (%) or Absolute measurement, was
selected. The spectra collected for the calibration steps measurements are shown in
Figure 3.16. There is also the option to alter the wavelength for which the; gratings,
sources and detectors are changed. The zero/baseline corrections should take into
account any change in intensity for necessary change-overs for the given wavelength
range, with the default for the detector change at 1200 nm, detector and grating
change at 800 nm and the source change at 350 nm, however, during the operation of
the Cary 5000 these changes can be seen as artefacts in the spectra recorded, an
extreme example of these artefacts is displayed in Figure 3.15.
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Figure 3.13: Annotated diagram of the Cary 5000 Spectrophotometer (Agilent
Technologies, 2011).
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(a) Solid sample plate and pinhole plates. (b) Liquid sample plate and cuvettes.
Figure 3.14: Photos of (a) solid sample and (b) liquid sample plates in the Cary 5000,
with the beam window in the background used for the reference beam and the beam
window in the foreground for the sample beam.
Figure 3.15: Example spectra showing
the effect the detector and grating change
at 800 nm and source change at 350 nm
has on the transmission %.
Figure 3.16: Baseline correction
spectra for calibration, in the mode
for transmission.
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Chapter 4
Analysis
This chapter details specific data analysis techniques used for specific data sets,
relating to the analysis of the Thermoluminescence data collected from the Risø
TL/OSL. As well as the processing of data, fits and functions using MATLAB as an
analysis tool are discussed. Other techniques whereby models and methods for
utilising thermoluminescent theory are discussed in Sections 4.2 & 4.3.
4.1 Thermoluminescence Data
From preliminary studies, for irradiation levels requiring no filters in the readout
sequence, the planchet only profile glow-curves showed a signal beginning at 300 ◦C,
this was taken as a background for all readings and subtracted from corresponding
silica bead glow-curves.
However, this was not found to eradicate the shoulder displayed in the glow-curve
completely. The typical glow curve for a clear transparent Mill Hill bead, Figure 4.1,
shows the shoulder occurring slightly before the heat cycle plateaus at 370 ◦C, as
circled. This was also observed at high doses, in the Alurtron studies and not
considered to be due to the background subtraction of the TL response for
glow-curves.
By plotting this data as a function of increasing temperature/time it can be seen
that the shoulder occurs at ≈ 370 ◦C, this is the same time that the data recording
mode in the Risø controller changes from TL mode to OSL mode. This suggests that
the most likely cause of the shoulder is the change in the data acquisition at this point
in the heat cycle.
Data is recorded and exported from a program designed for the output of the Risø
TL/OSL named Analyst. The light output collected by the TLD reader was analysed
and is presented later in the document as the Average Mass Normalised TL Response,
calculated by subtracting the average background from the average total of the mass
normalised TL resopnse. The mass normalised TL repsonse is calculated by the sum
of the counts in a given glow-curve and normalising by the mass of the same bead,
measured in mg.
The calculation of the average mass normalised TL response is executed in Excel;
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Figure 4.1: Typical glow-curve of a clear Mill Hill, Japan bead (transparent finish)
with the heat cycle profile plotted as the dashed line. The circled area of the glow-
curve shows the shoulder feature for this type of bead.
before an average is taken the glow-curves can be compared and used to identify
anomalies in the glow-curves. Automated Excel workbooks calculated the average
background and subtract this from the average for each TL response for each colour at
each dose. Followed by evaluating the total mass normalised TL response, as well as
calculating errors in each data point. For these studies the background measurements
consist of a series of glow-curves following the same heat readout as a sample
containing the control beads that were shipped with the bulk of beads to be irradiated
to determine the baseline of an equivalent 0 Gy dose from the planned irradiation.
These glow-curves are averaged across the colour group for consistency and the
background for each data point of the glow-curve is calculated. Errors were calculated
by the uncertainty in the TL response and mass for beads with in the same colour
group for each dose as well as taking into consideration the uncertainty in the error of
the mean for the relevant control batch.
4.2 Glow-curve Analysis
4.2.1 Peak Separation
Glow peaks, or their corresponding peak temperatures TM , can be separated
experimentally by exploiting the fact that they occur at different temperatures. The
most common experimental technique is referred to as thermal cleaning (Furetta,
2003) or the Tstop method (Clark, 2012).
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4.2.1.1 Tstop Method
Using the TM against Tstop method the temperature at which the glow-peaks occur at
can be calculated. This method works on the premise that the temperature at the
maximum of the lowest visible peak is known, TM . The method consists of repeatedly
heating a single dosemeter to a given temperature, Tstop, increasing Tstop slightly
with the following readout. For a glow-curve with n glow-peaks the peak
temperatures occur at, and obey to, TM,1 <TM,2 <... <TM,n. Once T >TM,1 the first
peak will have been erased on the glow-curve as the traps responsible for it will be
empty; the process of increasing Tstop with each subsequent readout occurs until the
end of the glow-curve, eventually emptying all thermally active traps. Identification of
the temperature corresponding to empty a given trap can be achieved by plotting TM
of a readout against Tstop of said readout, plateaus in the positive linear trend are
evidence of a glow-peak at the temperature TM (Clark, 2012).
4.3 Determining TL Parameters
Knowing the TL parameters defined in Equation 2.39 is essential when trying to model
glow-peaks or to perform glow-curve deconvolution. There are several techniques that
centre around determining E, from experiments or analysing the features of glow-
curves and glow-peaks, though other TL parameters can be extracted in many of these
techniques too.
For determining the activation energy, E, there are two main experimental
techniques; the initial rise method and the various heating rate method. As well as
experimental techniques, deconvolution and peak shape techniques, can be applied to
the experimentally acquired glow-curves. It has been assessed by Furetta (2003) that
there is consistency across the type of technique used to determine E, i.e. glow-curve
analysis or experimental techniques, though the values from both groups tend not to
agree.
It can be assumed that this could be caused by a single peak comprising of two
or more peaks, skewing the value for E. In this case another method should be used
to give a fair estimate of the number of peaks and roughly their peak energies, such
a method was introduced by Mckeever (1980), previously discussed in Section 4.2.1 as
the Tstop method. Then, using the results for peak temperatures from the Tstop method
a second deconvolution of the glow-curve can be performed and resulting in values for
E that agree much more closely with those determined by experimental techniques.
There are many techniques which can be used to determine E from glow-curves,
with several grouped as follows:
a) Maximum temperature, TM
b) Initial rise
c) Variable heating rates
d) Area measurements
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e) Isothermal decay
f) Inflection points
g) Peak shape geometry
The methods of interest have been discussed in more detail in this section, further
details on the evaluation of parameters and a comparison of their advantages and
requirements can be found in Furetta (2003).
4.3.1 Maximum Temperature Method
Using the TM method a liner relationship is attempted to be determined between glow-
curve temperature and E, methods, with a very rough guide given by Urbach (1930) for
E = TM /500, derived from the assumption E/kTM = 23.2, which can result in an error
of factor 2 for the estimate of E.
4.3.2 Initial Rise Method
The initial rise method utilises the dominating effect the Boltzmann exponential term
has on the shape of the glow-curve. This method can also be used to determine the
order of kinetics, b, of the system. There is also a tangent method that is very similar
to the initial rise method as the method originated form the same equation but takes
the tangent to the initial rise of the glow-curve to determine E. It should be noted that
there are limitations to the initial rise method with the risk of underestimating the
value of E, these come about by the noise in the glow-curve biasing the data to a lower
energy, it also does not take into account the luminescence efficiency, earlier defined in
Equation 2.21. It was also found by (Wintle, 1974) that E values calculated using the
initial rise method were always lower than E calculated by other techniques.
4.3.3 Various Heating Rates Method
The various heating rate method to determine the activation energy, E, relies on the
dependence of the maximum conditions of a glow-peak on the heating rate of the
dosemeter. In this method E, does not depend on the TL efficiency as there it is
independent of the non-radiative TL contribution to the glow-curve. Important to
consider is the fact that the heating rate may be time dependent, though a glow-curve
is generally achieved with a mostly constant heating rate.
From equation 2.36 it can be observed that changing the heating rate can affect
the overall shape of a glow-peak affecting the magnitude of the intensity and the
temperature at which this occurs at, displayed in Figure 4.2. Considering the
simulated example for this method, Equation 2.36 is used to display the effect while
fixing other variables, with; b=1.8, n0 =1×105, N=1×105 cm−3, E=1 eV, T0=300 K,
s=1×1010 s−1.
From this simulation the temperature for which the maximum intensity occurs,
TM , was also collected for the varying heating rates, results displayed in Table 4.1.
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Figure 4.2: Glow-peak simulation using Equation 2.36 to show the effect of a change
in the heat rate on the shape of a glow-peak. With parameters b=1.8, n0=1×105,
N=1×105 cm−3, E=1 eV, T0=300 K, s=1×1010 s−1.
Heating rate,
β (◦C s−1)
IM
(A.U.)
Peak Temperature
(K)
Peak Temperature
(◦C)
1 1.65×103 448 174
5 7.36×103 474 201
10 1.40×104 487 214
15 2.03×104 496 223
20 2.65×104 501 227
Table 4.1: Table of the calculated peak temperatures of the glow-peaks simulated in
Figure 4.2 for changing heat rate.
The variable heating method derived by Chen is kinetic order dependent, with the
simplest equations for first order kinetics b= 1, as shown in Equation 4.1
ln
(
T2M
β
)
= E
kTM
+ ln
(
E
sk
)
(4.1)
where TM is the temperature at the maximum, β is the heating rate, E is the
activation energy of the glow-peak, k is the Boltzmann constant and s is the
pre-exponential factor equal to the frequency factor (as b = 1, s = s′) (Chen & Winer,
1970).
A simpler technique can also be conducted by varying the heating rate for only two
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different heat cycles β1 and β2, respectively. Using a simultaneous equation technique
derived from Equation 2.59, E can be calculated directly
E = k TM,1TM,2
TM,1−TM,2
ln
[
β1
β2
(
TM,2
TM,1
)2]
(4.2)
where TM,1 and TM,2 are the temperatures of the peak for heating rate β1 and β2
respectively. In works by Gartia et al. (1991) this technique was applied to non-first
order glow-peaks where it was found to overestimate the value of E and was reported
that the maximum systematic error using this method (for 1.1≤ b ≤ 2.5) is <1 %. This
statement has been tested later in this section using simulated glow-peaks with
heating rates β1 = 1◦Cs−1 and β2 = 5◦Cs−1, E = 1 eV and b=1.0001, 1.8, 2.5 and 3,
discussed later and displayed in Table 4.2.
b
E (eV) % difference
Eqn. 4.2 Eqn. 4.6 Eqn. 4.2 Eqn. 4.6
1.0001 1.0010 1.0030 0.09 0.29
1.8000 0.9890 0.9920 -1.13 -0.78
2.5000 0.9920 0.9970 -0.81 -0.26
.3000 1.0030 1.0089 0.30 0.84
Table 4.2: Table of comparison for calculation of E using two different techniques from
the various heating rates method for different values of b.
The general order case requires the consideration of the order of kinetics, b, as well
as the intensity at the maximum IM . Evaluating Equation 2.36 and considering the
conditions at the maximum for a general order glow-peak,
Ib−1M
(
T2M
β
)b
= 1
(sn0)
(
n0E
bk
)b
exp
(
E
kTM
)
(4.3)
where n0 is the initial concentration of electron traps. This can be rewritten in the
form of a linear correlation for general order kinetics (Equation 4.4) and more
specifically, second order kinetics (Equation 4.5) (Chen & Winer, 1970), with
corresponding constants cg and cb=2 respectively.
ln
Ib−1M
(
T2M
β
)b= E
kTM
+ cg (4.4)
where,
cg = ln
(βb
s′
)(
E
bk
)b
Where the second order case is as follows with the βb term removed from the
constant cg and is re-written as cb=2,
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ln
[
IM
(
T2M
β
)2]
= E
kTM
+ cb=2 (4.5)
where,
cb=2 = ln
( 1
s′
)(
E
bk
)b
Finally, a technique derived by Gartia et al. (1991) states a simplified technique
whereby E can be evaluated independently from the order of kinetics (when is 1.1. ≤
b≤ 2.5 obeyed) by using Equation 4.6
E = kTM,1TM,2
TM,1−TM,2
ln
IM,1
IM,2
(4.6)
where IM,1 and IM,2 correspond to heating rates β1 and β2, respectively, similar
to the technique described for a first kinetic order glow-peak by Equation 4.2. This
confirms that Equation 4.2 calculates E with the smallest error for first order glow-
peaks and that Equation 4.6 calculates E with the smallest error for general order
kinetics.
Combining the simulated data in Table 4.1 with Equations 4.1, 4.4 & 4.5, the data
can be plotted as linear plots. For the first order case, Figure 4.3a 1/kTM is plotted
against ln(T2M /β) resulting in a gradient of E and can calculate the frequency factor s
from the y intercept (Thomas & Chithambo, 2017).
(a) First order kinetics. (b) General and second order kinetics, for blue
dashed fit with × data and orange dashed-
dotted fit with ◦ data respectively.
Figure 4.3: Various heating rate method tested using simulated data from Table 4.1,
with evaluation of glow-peak completed using Equations 4.1, 4.4 & 4.5, for first, general
and second order kinetics respectively.
For the general and second order case, plotting the left hand term of
Equation 4.4 & 4.5, respectively, as a function of 1/TM , results in a gradient of
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E/k, (Chen & Winer, 1970) see Figure 4.3b. The calculated values for E are displayed
in Table 4.3, with the % difference in E also calculated (E = 1 eV for simulation data).
Order of Kinetics Gradient Intercept E (eV) % difference in E
First 1.001 13.72 1.001 0.10
Second 1.189 ×104 5.285 1.025 2.46
General 1.190 ×104 1.348 1.025 2.54
Table 4.3: Table of coefficients of fits for calculating the value of E and variation from
value used in simulations, using the various heating rate technique Chen et al. (1981).
4.3.4 Calculation of Order of Kinetics
The Order of Kinetics was calculated using the Kirsh method as described in Singh et
al (1998). This technique involves rearranging the modified Kirsh general order curve
fitting equation (Furetta, 2003),
I =−dn
dt
= nbs′exp
(
− E
kT
)
(4.7)
where I is the intensity at a time t, n is the number of occupied electron traps, b is
the order of kinetics, E is the activation energy, k is the Boltzmann constant and T is
the temperature, with s′ defined as
s′ = s
nb−10
where s is the frequency factor and n0 is the number of occupied electron traps at
t= 0. This can then be rearranged with natural logarithms to
ln I =− E
kT
+b ln
( n
n0
)
+ ln(sn0) (4.8)
Considering two following data points of the glow-curve at temperature Tn and
Tn+1 and then the difference between these two temperatures as ∆T and the
corresponding change for I and n/n0 denoted as ∆I and ∆(n/n0), Eq. 4.8 can be written as
∆I = b∆ ln(n/n0)− (E/kT)∆(1/T) (4.9)
and rearranged so that the intercept corresponds to b and the gradient E/kT,
∆ ln(I)
∆ ln(n/n0)
= b−
(E
k
)( ∆(1/T)
∆ ln(n/n0)
)
(4.10)
with the use of the expression
n
n0
= 1
β
∫ T f
T
I(T ′)dT ′
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as a substitution in Equation 4.8, where T f is the final temperature of the glow
peak and T ′ the Temperature for integration, the glow-curve parameters can be
calculated. It should be noted that the Kirsh technique is capable of determining the
activation energy E and the order of kinetics b simultaneously by plotting a linear fit
of the left-hand side of Equation 4.10 against the reciprocal temperature term on the
right-hand side. Studies by Singh et al (1998) have shown that this method produces
values for these parameters close to those used for computing simulated glow-curves.
The investigations by Singh et al (1998) were completed for the variation of b at two
different frequency factors s proving that this method can be used for all orders of
kinetics.
Further analysis of the robustness of the Kirsh method has been completed in these
studies. This method was tested using data simulated using the May-Partridge general
order expression for a glow-peak defined by Equation 2.36 (May & Partridge, 1964),
with constant variables; b=1.8, n0/N = 1, E=1 eV, T0=300 K, s=1×108 s−1, time step
(δt)=0.218 s and varying heat-rate β.
The first observation was the deviation from a linear fit about the temperature and
intensity corresponding to the peak of the glow-peak, see Figure 4.4.
Figure 4.4: Curve observed in the expected linear fit for calculating the order of
kinetics, b, using the Kirsh method.
When varying the number of data points used for the evaluation the largest
variation was found when evaluating around the observed peak. Knowing that this
peak occurs at the same point as the apex for the glow-peak, the sampling set of a
limited data set can be adjusted accordingly.
The Kirsh method was fitted to the analysis of a simulated glow-peak using 3
different robust methods of linear fitting in MATLAB; none (default), bi-square and
Least Absolute Residual (LAR), similar to that applied by Singh et al (1998). Each
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fitting method was applied for each variation used to test the Kirsh method. It was
found that testing the sample size of the data fitted using the 3 aforementioned
techniques showed the most significant percentage change in the value of b for an
isolated data set, of 50 data points, about the apex in the glow-peak, with an average
difference from bsim = 56.4 %.
The data set of 50 data points that showed the smallest percentage difference from
bsim was a data set set on the initial rise of the glow-peak, not including the beginning
of the rise or the levelling of the turning point of the glow-curve. The difference in
bk from bsim was calculated to be an average of 4.44 % for the data set of 50 data
points on the initial rise of the glow-peak, average using all 3 fit methods. This is
comparable to the difference of 3.22 % for bsim when using the whole data set. This is a
significant investigation into the evaluation of the data set as experimental data could
significantly vary in nature at the extremes of the data sets used; convoluted glow-
peaks could affect the data calculated at high temperatures and noise can cause large
discrepancies from a linear fit at lower temperatures, greatly affecting the intercept
and gradient of a best fitting line.
Considering the whole data set and changing the heating rate β showed a
percentage difference in bsim from bk varying from 0.00 % for β = 15 ◦Cs−1 using no
robust fit and the bi-square technique, to 9.39 % for β = 20 ◦Cs−1 using the LAR
technique. It should be noted that the calculated value for E using all the fitting
methods and for all values of β was Ek = 0.9996 eV, at 0.0389 % different to the
simulated value Esim = 1.0000 eV. It was found that for all fit types bk, excluding data
for β = 1 ◦Cs−1, that applying the fits defined in Equation 4.11 as a function of β, the
for the LAR technique y-intercepts, Γ3 for the square fit and H for the linear fit were
within 0.44 % and equal to the value of bsim respectively, see Table 4.4.
f (β)=Γ1β2+Γ2β+Γ3 (4.11a)
f (β)=Gβ+H (4.11b)
bk Fit Type
Coefficient
Γ1 Γ2 Γ3 G H
None 3.06×10−4 2.78×10−3 1.68 7.97×10−3 1.80
Bi-square 3.18×10−4 2.38×10−3 1.68 8.08×10−3 1.80
LAR 2.62×10−4 2.98×10−3 1.81 8.51×10−3 1.80
Table 4.4: Fit coefficients of fits used to the calculated order of kinetics using the
Kirsh method, bk, as a function of the heating rate, β, for the whole data set, where Γ
coefficients correspond to the 2nd order-polynomial fit and G and H coefficients to the
linear fit.
On the other hand, selecting a section of data points on the initial rise section of the
glow-peak to calculate bk and Ek resulted in 2 different values for Ek = 0.9987 eV and
0.9996 eV. The range for bsim was greater than that of Ek with percentage differences
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varying from 0.444 % to 7.056%, rather than the 0.125 % to 0.039 % differences for
Ek. It was observed that the change in the fit of this data could be fitted to a linear fit,
excluding β = 20 ◦Cs−1 as the data set spanned more than the initial rise section of the
glow-peak. The y-intercept of this fit showed a more accurate calculation to the original
value of the order of kinetics bsim with the LAR technique calculating the exact value,
i.e. the coefficient H of the linear fit is considered to be bsim.
The distribution of the data points was noticed as an important factor when fitting
for decreasing β as it can focus in on the initial rise where to a level of the detail, what
could be the linear plot we rely on to determine E and b to the best accuracy, becomes
the rate of change of the overall curve i.e. the differential rather than the tangent.
Knowing the critical points for the evaluation of the data can aid in the calculation
of these parameters when applying this technique to experimentally determined data.
It was found that the region best suited for the application of the glow-curve was for
data confined by 1/4Imax and 3/4Imax, this definition can be applied consistently to a wide
range of glow-curves varying in intensity and temperature and distribution of data
points, as shown in Figure 4.5.
Figure 4.5: Simulated glow-curve showing the region for which the Kirsh method
should be applied to for two different glow-curves of different activation energy E.
It should be noted that changing the frequency factor, s, shifts the glow-peak to
occur at lower temperatures and makes the peak narrower, see Figure 2.10. Keeping
other variables constant in the simulation of glow-peaks with s≥ 1×1011 results in the
need to change the comparative range for the 50 data point calculation of bk and Ek in
order to avoid the region of the curve in the plot discussed earlier, see Figure 4.4. Due
to this, the 2nd order polynomial fitted to the data set of bk as a function of log10(s),
gives a y-intercept that does not agree with bsim, displayed in Table 4.5. No clear
correlation was observed between bk and s when calculating bk using the whole data
set gathered for the whole glow-peak, for either of the 3 fitting techniques applied.
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bk Fit Type
Coefficient
Γ1 Γ2 Γ3
None -4.64×10−3 0.0800 1.54
Bi-square -5.14×10−3 0.0891 1.50
LAR -7.79×10−3 0.138 1.27
Table 4.5: Fit coefficients of the 2nd order polynomial applied to the calculated order
of kinetics using the Kirsh method, bk, as a function of the frequency factor, s, for the
initial rise section of the data set.
4.4 MATLAB Codes
MATLAB codes were written for several analysis techniques, with the codes used
included in Appendix C. The two essential codes for the analysis of th TL response
data were those for the fitting of data sets for dose response, Subsection 4.4.2 and
fading, Subsection C.2.1. The identification and analysis of peaks was completed
using an inbuilt MATLAB function, findpeaks.
4.4.1 findpeaks Function
The findpeaks function is an inbuilt function in MATLAB to identify peaks in a
plot (The MathWorks Inc., 2019). The x-axis value that the peak occurs at, peaks,
the index number of the x-axis matrix that the peak occurs, locs, the prominence,
prominence, and the full width half maximum (FWHM), FWHM, from x and y data,
can be identified using this function by calling it as
[peaks, locs, prominence, FWHM]=findpeaks(x,y) (4.12)
The function can be applied to a plot with refining limitations and specifications.
These limits were set to identify all of the clear or significant peaks in the data
analysed. These limitations can be defined by adding the following commands to the
right hand side of the function defined by Equation 4.12;
• ‘MinPeakHeight’
• ‘MinProminence’
• ‘MinPeakHeight’
• ‘MaxPeakHeight’
• ‘MaxProminence’
• ‘MaxPeakHeight’
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By adding the expression
’Annotate’, ’extents’
to the right hand side of Equation 4.12 after the data input, an annotated plot of the
function being analysed and the identification of peaks is produced. For example, this
combination of added arguments to findpeaks function resulted in the Figure 5.29
and is used for peak identification in Chapters 5, 6 & 7.
This tool was also used to identify troughs by reflecting the original plot in the
y-axis producing a negative plot and changing the search requirements accordingly.
Further details on the findpeaks function can be found at The MathWorks Inc.
(2019).
4.4.2 Data Fitting
The fitting process for the correlation of the Average Mass Normalised TL response
(previously defined in Section 4.1) as a function of dose was achieved by using a
weighted non-linear regression fitting function in MATLAB 2018, using the calculated
error as the weighting for each data point, as well as the 5% and 95% confidence
bounds to the weighted fitting. Goodness of fit parameters such as R2 and the
percentage uncertainty calculated by the sum of squares due to error, an inbuilt
evaluation of the goodness of fit for the function in MALTAB denoted by SSE, are
utilised to evaluate the accuracy of the applied fit. Other goodness of fit parameters
are available to be accessed, such as the error degrees of freedom, t-stat and P-value.
The uncertainties in the calculated coefficients and R2 values were calculated only
when the number of data points > the number of coefficients in the fit. Most plots and
coefficients calculated using this code are presented and discussed in Chapters 6 & 7.
4.4.2.1 Dose Correlation Fitting
Different combinations of fitting techniques were used for beads demonstrating
different responses; those that showed an exponential correlation with evidence of a
plateau in the TL response were fitted using Equation 4.13,
f (D)= A[1−exp(B×D)] (4.13)
where A and B are constants, D applies to the dose and f (D) applies to the Mass
Normalised TL response; beads that showed a maximum TL response as a function of
dose were fitted with Equation 4.13 up to the identified maximum in Mass Normalised
TL response and were then fitted with Equation 4.14 for the decaying TL response
from the dose corresponding to the maximum TL response,
f (D)= (G×D)+H (4.14)
where G and H are constants, D applies to the dose and f (D) applies to the Mass
Normalised TL response. The use of two fits for the beads showing a decrease in TL
response after the maximum is similar to that used by Wantanabe et al. (2015b).
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The 2nd order polynomial applied to the dose response for the beta irradiation is
defined as
f (D)= (υ1×D2)+ (υ2×D)+υ3 (4.15)
where υ1,υ2 and υ3 are constants. When applying fits using Equation 4.13 red lines
are used and black lines used for the fits using Equation 4.14, an example of this can
be found in Figure 7.5, with most plots using this technique presented in Chapter 7.
Glow-peak Analysis
The ratio of the magnitude of identified glow-peaks was measured and plotted using
the weighted fit as described in the previous section, though different correlations were
used for these plots. The first is the exponential decay, also applied to some fading fits,
defined in this instance as
R(D)=φ1 exp(−Λ×D)+φ3 (4.16)
where R(D) is the ratio between the 1st and 2nd peak as a function of D the dose
and φ1 and φ2 are constants and Λ is the decay constant of the fading (Kitis & Furetta,
1997). The second fit used for the ratio plots was an exponent correlation defined as
R(D)=Φ1×DΦ2 +Φ3 (4.17)
where R(D) is the ratio between the 1st and 2nd peak as a function of D the dose
and Φ1, Φ2 and Φ3 are constants. The exponent correlation was also used for the
Reproducibility fitting.
4.4.2.2 Fading Correlation Fitting
Different fading correlations were used for different irradiation sources and dose
ranges as discussed in this Section and referenced again later in Section 7.3.
Beta
The fitting for the fading of the TL response as a function of storage time, ts, was fitted
using either an exponential or logarithmic correlation, defined as
TL%(ts)=ϕ1×exp(−Λts)+ϕ2 (4.18)
TL%(ts)= ζ1 [ln(ζ2ts)]+ζ3 (4.19)
where TL% is the percentage of the TL response measured immediately after
irradiation (effectively t=0 s), ϕ1, ϕ2, ζ1, ζ2 and ζ3 are all constants and Λ is the decay
constant of the fading (Kitis & Furetta, 1997).
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Alurtron
The fitting for the fading of the TL response as a function of storage time, ts, was fitted
using either a weighted 2nd or 3rd order polynomial decrease as defined as
f (ts)=Ω1−
(
Ω2× t2s
)
(4.20)
f (ts)=ω1t3s +ω2t2s +ω3ts+ω4 (4.21)
where Ω1, Ω2 and ω1, ω2, ω3 and ω4 are constants, for the modified 2nd order
polynomial (referred to henceforth as the 2nd order polynomial) and the 3rd order
polynomial. ts applies to the storage time and f (ts) applies to the Mass Normalised
TL response.
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Chapter 5
Material Studies: Composition and
Optical
This Chapter presents the data for material studies investigating the elemental
composition of the beads utilising SEM techniques, as well as optical studies of the
beads for attenuation and colour change.
5.1 Composition Studies: EDS and WDS
Previous studies for mass produced silica beads with a clear and colourless appearance
from manufacturer Mill Hill, Japan, show a presence of elements; C, Na, Al, K, Ca, Fe
as well as the expected, Si and O (Jafari, 2015). It is likely that these elements are
present in some or most of the bead colours tested in the beads used for the studies
herein produced by manufacturers Toho, Japan.
5.1.1 SEM
The main use of the SEM was to obtain the composition of the beads using the EDS
and WDS capabilities. However, during these studies observations were made from
SEM imaging. Firstly, it was found that the Rose and Frosted beads had a rough
appearance on their edges compared to the transparent bead finishes which appeared
to give a smooth edge, comparing Figures 5.1a & 5.1b for Rose and Green bead edges
respectively. A selection of other images showing the magnitude of the rough edging of
the Frosted and Rose beads are displayed in Appendix B.1.1. Damage to some beads
were observed on a microscopic scale including a dis-formed edge of a Blue bead and a
crack in a Yellow bead, these are displayed in Appendix B.1.1.
Secondly, were the observations made of damage to bead surface during the
operation of the SEM visually altering the SEM reading of the bead. The most
common observation was that of a rectangle of the field of view (FOV) that appeared
raised from the surrounding area due to prolonged time of scanning; this occurred for
all EDS and WDS scans, the severity of which depended on the time spent scanning
the surface with a focused beam. The rectangles outlining the FOV of the SEM scans
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(a) Rose (b) Green
Figure 5.1: SEM image of the surface of frosted finished (Rose) and transparent
finished (Green) beads displaying the difference in the edge of the beads.
Figure 5.2: SEM image of the artefacts caused by damage to the sample during the
operation of SEM.
can be seen in Figure 5.2 as two raised rectangles. Also observed in Figure 5.2 is what
appears to be a crack across the area scanned.
Finally, were the observations of artefacts in the bead that appeared to be raised
grain shaped areas of different composition of that of the surrounding bead mass, as
observed in Figure 5.3. These grain artefacts were only found to be present in some
beads, it is possible that the setting and polishing of the more detailed studies was not
sufficient enough to produce this detail as these grains were only observed in Green
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(a) ×1300 (b) ×4300
(c) ×35000 (d) ×65000
Figure 5.3: Grain-like artefact observed in preliminary sample set of Green beads at
different magnifications, with the large white circles showing bubbles of air in the
sample for (a) and small lighter spheres expected to be remnants of the opus cleaning
solution for (b), (c) and (d).
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beads for preliminary investigations. In an attempt to characterise the artefacts the
preliminary sample set of Green beads was further analysed using the EDS mapping
technique, see Section 5.1.2.1.
5.1.2 EDS
The EDS studies were conducted as described in Section 3.4, for all bead colours. The
atomic % of the identified elements present using this technique are displayed in
Table 5.1. The limit of detection for EDS is 0.1 % by weight (Microscopy Australia,
2015), it is possible for the EDS software to detect traces of elements and suggest
their presence in the sample but produce an atomic % of 0.0 for these elements. In
this case WDS can sometimes be used to more clearly identify the presence of the
trace element. In the case of trace elements WDS experiments were conducted with
results displayed in the following Section (5.1.3). The error calculated by the EDS
processing, and displayed in Table 5.1, corresponds to the uncertainty of the
calculation, rather than variance in the percentage of the detected element (Jones,
2019).
It should be noted that for the Blue Green and Frosted beads the possible presence
of Cl was detected, however at very low quantities ≤ 0.1 %. It was found that the
evidence of silica compound bond energies were of similar value to the Cl Kα energy
of 2.62 keV, further investigation of the presence of Cl would be needed using WDS
though it is suspected that these peaks in the spectra of different bead colours are due
to silica compounds and not Cl, see Figure 5.4. This effect was also observed for sulphur
in the Lilac, Lime, Red, Rose, Topaz and Yellow beads using the auto-identification
tool for the spectra in Pathfinder. The peak observed for Sulphur at 2.25 keV was
also similar to that of silica compound peaks, though WDS would have to be used to
determine the correct origin of the peak. Another peak identified in the Green beads
was molybdenum, again, this peak was identified about the energy of silica compounds
peaks making it more likely to be from silica and not in fact molybdenum. For Table 5.1
the aforementioned elements have been removed from the atomic % calculations of the
bead composition.
For the Blue beads there is no evidence of an element responsible for the blue
colouring of the beads using the EDS technique, from Table 2.1 it is likely that this
colour is caused by cobalt or copper. Similarly, for Red beads no colouring element was
detected, with the expected element(s) to be cadmium, selenium, holmium or gold.
Rose bead EDS spectra also showed an absence of the expected colouring elements,
most likely to be holmium, selenium or erbium.
As well as the absence of any doping elements expected for producing colour, there
was no significant difference in the elemental composition between washed and
annealed Pink beads with the same elements identified. This suggests that the Pink
beads are coated in a colouring to produce their colour, this could also account for the
loss of colour for the pink bead during acid washing and annealing.
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Element
Atomic composition (%) ± uncertainty (%)
Bead colour
Blue Frosted Green Lilac Lime Pink Red Rose Topaz Yellow
Boron
1.9
±0.3
Carbon
2.8
± 0.1
3.4
±0.1
2.9
± 0.1
3.1
± 0.1
3.0
± 0.1
2.9
±0.1
3.8
± 0.2
3.8
± 0.2
3.8
±0.2
3.1
±0.1
Oxygen
55.1
±0.3
55.2
± 0.3
55.5
± 0.3
56.3
±0.3
53.6
±0.7
59.9
± 0.3
55.2
± 0.3
57.4
± 0.3
57.4
±0.3
54.3
± 0.7
Fluorine
1.9
± 0.1
0.7
± 0.1
1.7
± 0.2
1.6
± 0.2
1.1
± 0.1
0.2
± 0.1
1.0
± 0.1
0.8
±0.1
Sodium
12.0
±0.1
11.1
± 0.1
11.3
± 0.1
10.9
± 0.4
8.7
± 0.0
7.5
± 0.0
10.8
± 0.4
8.5
± 0.1
8.5
± 0.1
6.7
± 0.3
Aluminium
1.8
±0.1
1.0
± 0.0
1.4
± 0.0
0.7
±0.0
1.3
±0.0
1.0
± 0.0
0.7
± 0.0
0.4
±0.0
Silicon
24.7
±0.1
24.9
± 0.1
25.1
± 0.1
25.0
± 0.1
29.9
±0.1
26.3
± 0.1
25.0
± 0.1
25.3
±0.1
25.3
± 0.1
31.0
±
Potassium
0.5
± 0.0
0.6
± 0.0
0.8
± 0.0
0.6
±0.0
0.9
± 0.0
0.7
± 0.0
0.9
± 0.0
3.9
±0.1
3.9
± 0.1
1.1
± 0.0
Calcium
1.2
± 0.0
1.3
± 0.0
1.2
± 0.0
1.2
± 0.0
1.4
± 0.0
1.5
± 0.0
0.8
± 0.0
1.1
± 0.0
1.1
±0.0
0.9
± 0.0
Copper
0.1
± 0.0
Zinc
0.5
±0.0
1.8
±0.1
1.6
± 0.0
Neodymium
0.3
± 0.0
Chromium
0.2
± 0.0
0.0
± 0.0
Selenium
0.1
± 0.0
Cadmium
0.0
± 0.0
0.0
± 0.0
Table 5.1: Atomic % obtained using EDS for all colours with respective uncertainties
calculated by the Pathfinder analysis of the EDS spectra. The uncertainty displayed is
that of the calculation, not the variance in the experimental data (Jones, 2019).
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Figure 5.4: EDS scan for Blue beads showing the sum peaks of Si and O and Si and
Na.
5.1.2.1 Mapping
The EDS mapping technique was applied to the artefacts observed in the preliminary
sample set of Green beads to determine if the elemental composition of these grain-
like artefacts, displayed in Figure 5.3 differed from the main mass of the bead. The
mapping EDS technique overlays the areas counts are detected from with the SEM
scan image allowing to determine an approximate distribution of different elements in
the area scanned.
The grain-like artefacts are identified by the pale oval features in Figure 5.5a. By
comparing the mapping of counts in Figure 5.3, it can be seen that the grain-like
artefacts show an absence of sodium by the lack of counts in Figure 5.5c to the
surrounding bead mass. It is also observed that the counts for silica and oxygen, in
the areas the grain artefacts occur, are slightly increased; this suggested a slight
higher percentage of these elements in this area than that of the surrounding bead
mass. These results imply that these grain-like artefacts do vary from their
surroundings as they do not appear to contain any sodium, suggesting that this a
localised crystallisation of purer silica within a bead composed of silica mixed with
sodium (and other elements).
5.1.3 WDS
WDS investigations were conducted if there was a lack in expected data or to determine
the presence of suspected trace elements, it should be noted that the lower detection
limit of WDS is less than that of EDS at 0.02 % by weight (Microscopy Australia, 2015).
Though some elements have not been successfully identified as being present in
the Blue, Rose, Red and Topaz beads using WDS, it is also likely that these elements
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(a) SEM scan image. (b) Oxygen
(c) Sodium (d) Silica
Figure 5.5: EDS mapping of the distribution of oxygen, sodium and silica in observed
grain-like artefacts in Green beads.
are present in the beads but have not been detected during studies due to either the;
weight % being less than that of the WDS detection limit, the calibration of the WDS
diffraction crystals or that they are non-uniformly distributed or a combination of the
two of these possibilities.
5.1.3.1 Boron
Due to elemental composition results of Pink beads in neutron studies (Hima Bindu
et al., 2019) showing a trace of boron in the beads, displayed in Figure 5.6, and the
identification of boron for Frosted beads in the EDS scans displayed in Table 5.1, WDS
scans were taken for all bead colours for the element boron with positive traces found in
all beads. In the initial studies, the Pink beads were also tested for chlorine at 2.62 keV
as boron and chlorine both have X-ray emissions at 0.183 eV. The scan covering the
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2.62 keV peak region showed no peak for the Cl Kα emission, see Figure 5.7, hence
proving that the peak at 0.183 keV is due to boron. In these scans the rising edge for
the potassium emission line for Lα transitions begin to occur with the falling edge of
the boron peak, sometimes making it difficult to successfully identify the peak from
the apparent background level, see Figure 5.6.
Figure 5.6: Boron WDS scan for Pink beads in the range of 0.130 to 0.230 keV.
5.1.3.2 Sulphur
As discussed in Section 5.1.2 the identification of sulphur occurred for several bead
colours though it was suspected that this is due to another element or combination
of elements. WDS spectra were attempted about relevant energies to determine the
presence of sulphur or whether these peaks were due to silica compound emissions,
however the alignment could not be achieved for the diffraction crystal needed at the
2.309 keV peak. Though the most likely explanation of the presence of a peak is the
sum of a silica peak and another element, current results are not able to disprove the
presence of sulphur in beads. However, for Topaz and Lime beads to appear the colour
they are, it is likely that sulphur is present with other elements to achieve the colour
throughout the beads, as discussed in Table 2.1.
5.1.3.3 Red
Red beads were tested for cadmium and selenium due to the possible trace in the EDS
spectra, for peaks at 3.133 keV and 1.38 keV respectively. The thallium acid phthalate
(TAP) diffraction crystal needed to achieve the cadmium scan was not able to align on
a peak in the spectra, hence a WDS spectra for cadmium was not obtained and the
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Figure 5.7: Chlorine WDS scan for Pink beads in the range of 2.58 to 2.66 keV.
presence of cadmium in Red beads is still unknown. As selenium nor gold were not
identified in the WDS scans it is highly likely that the red colouring in these beads is
due to cadmium; this can only be confirmed with further studies. (Current Industrial
News , 1912; Bullseye Glass, 2013)
5.1.3.4 Topaz
Flourine was identified as a present element in the EDS spectra for most beads, at
667 eV (Bruker, 2015), though it should be noted that this peak can often be
mistakenly identified as iron also has several Lα transmissions in the surrounding
energy range NIST (n.d.). It was not possible to determine whether this peak was due
to the presence of iron or fluorine in Topaz beads as the alignment to the relevant
diffraction crystal was not possible. Furthermore, no elements that could produce the
colour in Topaz were identified using either technique. Though as suggested earlier
these elements are likely to be a combination of sulphur, selenium, cadmium sulphide
or iron (Compound Interest, 2015; Issitt, 2005; Bullseye Glass, 2013; CAMEO, 2016;
Caddy, 2001).
5.1.3.5 Blue
The element responsible for the colouring of Blue beads was not successfully identified
in the EDS spectra data displayed in Table 5.1, however, referring to Table 2.1 listing
elements used as colouring dopants in glass, it is likely that either copper or cobalt
are used. As previously discussed, it was not possible to align the diffraction crystal
for this energy range correctly hence the scans were not completed and the presence
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of cobalt or copper is not confirmed but highly likely (Compound Interest, 2015; Issitt,
2005; Bullseye Glass, 2013; CAMEO, 2016; Caddy, 2001).
5.1.3.6 Pink
Studying the identified elements in Table 2.1 for Pink beads there are no evident
elements that could give rise to the Pink colour of the beads prior to acid washing and
annealing. A study of both a washed and an unwashed bead showed very little
changes in the atomic percentage between the two Pink beads consistent with
changes that could be identified in a different scanning area of the same bead. The
combination of the loss of colour with the observed colouring of the acidic solution
during cleaning and the insignificant change in EDS spectra between annealed and
unwashed beads implies that the beads are most likely dyed to achieve their colour
rather than using elements as colouring dopants.
For a complete evaluation of the elemental composition of the Pink beads, they were
tested for holmium, erbium and selenium, all of which are elements that can produce
pink colouring in glass, see Table 2.1 (Compound Interest, 2015; Issitt, 2005; Bullseye
Glass, 2013; CAMEO, 2016; Caddy, 2001). The EDS scans of all of these elements did
not confirm their presence in either the annealed or unwashed beads.
5.1.3.7 Lilac
The WDS experiments in the range of 1.00 keV to 1.08 keV were conducted to
determine the presence of Zn in the spectra, or whether the peak about 1.04 keV was
due to sodium. The results show that zinc is present in the Lilac bead as well as
sodium, shown as the prominent peak and the increasing counts at the higher energy
end of spectra in Figure 5.8 respectively.
Figure 5.8: WDS spectra for Lilac beads if the energy range of 1.00 keV to 1.08 keV for
zinc, confirming its presence.
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5.1.3.8 Yellow
The WDS experiments in the range of 1.00 keV to 1.08 keV were conducted to
determine the presence of Zn in the spectra, or whether the peak about 1.04 keV was
due to sodium. The results show that there is a presence of Zn about 1.01 keV and
1.035 keV, see Figure 5.9a.
(a) Zinc (b) Cadmium
Figure 5.9: WDS spectra for Yellow beads if the energy range of (a) 1.00 keV to 1.08 keV
for zinc, confirming its presence, and (b) 3.09 keV to 3.17 keV for cadmium, confirming
its presence.
Experiments in the range of 3.09 keV to 3.17 keV were also completed to determine
the presence of cadmium, with an expected peak about 3.133 keV. Though the peak
observed in Figure 5.9b, is quite broad and of respectively low peak to background ratio
it is centred about the expected peak. It is likely that the concentration of cadmium in
the area examined, and possibly the bead as a whole, is on the verge of the detection
limit of the WDS technique.
5.2 Composition Studies: XRF
Bead composition studies using XRF techniques were conducted for Red beads
by Williams (2018), as part of the neutron irradiation studies. The Red beads were
determined to have approximately 1600 ± 90 ppm Zn. All other elements were below
the detection limit for the analysis time of ∼10 s.
5.3 Optical Studies: Spectrophotometry
Optical studies of the beads used in TL investigations were conducted for two reasons;
the first being to characterise the spectra of a bead of a certain colour when it has
received no dose for later studies and for an attempted attenuation study.
The motivation for the attenuation study arose from the observation that different
bead colours produced different TL responses in preliminary studies and studies
by Jafari et al. (2014b). Though this could be due to different frequencies of
trap/recombination centres present in different beads as a result of varying dopants
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and their concentrations to produce different colours, it could also be due to the light
emitted from the beads during the readout is absorbed in the bead itself.
The second study investigates the observation of the colour change in the beads
with increasing doses of irradiation, Figure 5.32. These investigations look into the
analysis and characterisation of different bead colours of different irradiation doses
and compare them to the un-irradiated spectra obtained from the aforementioned
attenuation study. The eventual application of this technique could lead to a type of
spectral-dosimetry, where the dose can be determined by changes in the absorption
spectra with respect to the dose absorbed.
Before either of these studies could commence, a technique to obtain the spectra for
different bead colours needed to be established. Different methods of obtaining spectra
from beads are discussed in Section 5.3.1, followed by the optical studies themselves.
5.3.1 Experimental Bead Fixing Techniques
Attenuation studies were achieved using the Varian Cary 5000 spectrophotometer,
Section 3.5. As discussed earlier, several techniques were tested for measuring the
attenuation of the beads. Firstly, single beads were held in place using a wire,
however, this was not accurately reproducible. The second technique used epoxy resin
to stick the beads to glass slides in a variety of orientations, as shown in Figure 5.13.
Figure 5.10: Glass slides with a coating of epoxy resin to hold glass beads in place for
placing in beam line. Top sample: beads stuck on side edge, bottom sample: strip of
epoxy resin on the face of the glass side holding beads in place.
These glass slides were then taped to the back of the pinhole plate used in the
spectrophotometer to hold the single bead suspended in place in the beam-line, as
shown in Figure 5.11 and Figure 5.12 showing the glass sheet used for the reference
beam plate.
Figure 5.13 shows the samples held in place with super-glue, secured in place with
tape similar to that of the epoxy resin samples.
98
Figure 5.11: Photo of the glass slide taped
to the pinhole plates with the bead infront
of the pinhole.
Figure 5.12: Photo of both pinhole plates
with just epoxy resin and glass infront of
the pinhole for calibration.
Figure 5.13: Photo of beads stuck
to glass slide using super-glue.
Figure 5.14: Photo showing all of the trails of bead
fixing. Top left: epoxy resin strip, bottom: super-
glue, right: epoxy resin disc with the top disc for
the reference beam and the lower containing the
beads.
Another technique tested was to secure the beads in place by using a thin layer of
epoxy resin as a base and moving the base to secure different beads in the beam line,
as show in Figure 5.14. This technique was the least viable to continue with as there
were bubbles in the epoxy resin that could not be controlled or moved in the setting
process making it difficult to get a suitable sample for the reference beam.
The super-glue technique was also not very viable as the super-glue itself was
opaque after drying and beads could not stick to the glass edge without covering part
of the bead in front of the beam with super-glue. This affected the resulting
absorption spectrum of the beads. The best solution of these four techniques was to
use the beads that were fixed on the edge of the glass slide using epoxy resin,
however, these beads were easily knocked off of the glass slide. The fragility of these
samples and delicacy in fixing to them to the glass slide prior to reading made this
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technique not viable to continue.
Figure 5.15: Photo of Red
glass beads filling cuvette for
attenuation test studies with
black tissue paper (bottom of
cuvette) to ensure volume of beads
comes into contact with reference
beam.
Figure 5.16: Different orientations for testing the
cuvette method using red beads.
The next technique used to measure the attenuation of the beads was to use the
plastic cuvettes for the liquid sample by pouring many beads into a cuvette and having
an empty cuvette in the reference beam. The same cuvette was used for each bead
reading and the same cuvette remained as the reference beam for these preliminary
studies. The beads were poured into the cuvettes, however, due to a limited number
of beads for some colours there were not enough to fill the cuvette. The cuvettes were
then filled with black tissue to a point that the beads would fill a sufficient volume
of the cuvette in the beam line. This level of tissue paper was kept the same for all
readings and the reference beam cuvette was filled with black tissue paper to the same
level, as shown in Figure 5.15.
The orientation of the beads was changed within the cuvette as this would have an
effect on how the light was reflected and refracted within the cuvette. The orientation
of the beads was changed simply by pouring them out of the cuvette and then back in
again. For each bead colour 3 random orientations were tested and for each of these
orientations 3 readings were taken.
No fluctuations in the absorbance spectrum were found with repeat readings of
the same orientation and set-up, however, a difference of as much of 8 % was observed
for the absorbance when changing the orientation of the beads within the cuvette for 5
readings. This was found to be a uniform change in absorbance, hence only changing
the intensity of the light being detected rather than the absorbance varying from
orientation to orientation across the spectra, this is shown for Red beads in
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Figure 5.16. The red beads showed the largest change in absorbance across all
colours, it is assumed this is due to the fact that the red beads were fewest in number
resulting in a more significant change in light when changing the orientation of the
beads.
This led to the design of sample holders in an attempt to reduce the variation in the
transmission % between readings and to reduce the number of beads needed to record
a transmission spectra.
5.3.2 Sample Holder Selection
The first sample holder designed, displayed in Figures 5.17 & 5.18, makes use of a
pincer with a protrusion in the centre of each arm. This clamps the bead in place, in-
line with the sample beam in the solid plate configuration behind the pinhole aperture.
Figure 5.17: Photo of pincer modified sample holder held in place in the Cary 5000 for
reference beam calibration.
Using the pincer sample holder the number of beads needed to produce a spectra
was considerably reduced; meaning a single bead measurement is favourable for later
studies when comparing control beads to those that have received doses so only several
beads need to be irradiated at a given dose rather than hundreds to sufficiently fill a
cuvette. Though the sample holder held the beads in place securely in the beam of
light passing through the pin hole with no obstruction, the plate had to be removed
each time the holder was loaded with a new bead. Preliminary results were obtained
with this sample holder using a pink, rose, yellow and two green beads.
This sample holder was tested for the same variations as the cuvette;
reproducibility of spectra with the same conditions, variation in spectra for different
bead orientations (achieved by changing a single bead’s position in the pincers), the
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a: Held open. b: Holding bead.
Figure 5.18: Photos of pincer sample (a) held open, using a piece of dowel holding the
mechanism, to show the pinhole aperture and (b) holding a green bead in place behind
the pinhole aperture.
effect of a different bead of the some colour and the reproducibility of a spectra
(achieved by repeating the reading of a single bead in the same orientation). The
results for these studies are shown in Figures 5.19.
As shown by the transmission spectra displayed in Figure 5.19a, the transmission
spectra are very reproducible when tested under the same conditions, for these studies
the same bead in the same orientation.
Studying different orientations of the same bead has displayed a systematic shift
in the transmission intensity uniformly across the entire spectra of said bead,
Figure 5.19b. The variation in this observation is comparable to that of different
beads. As a bead will be placed in the sample holder in a random orientation an
average of 3 random orientations was taken for two different beads shown in
Figure 5.19c.
However, the change due to the random orientation could also be due to how
accurately the plate was aligned with the equipment in the spectrophotometer after
being removed to change the bead. To account for this variation a second sample
holder was made, replacing the bottom pincer with a shelf, that could be altered to a
sufficient height as to avoid blocking the pinhole and keeping the bead in place;
making loading of the sample holder easier without removing the plate during the
loading/removal of a bead, therefore reducing the systematic change in transmission
% across the spectra due to the removal of the plate. The modified sample holder with
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a: Green bead repeat comparison. b: Green bead 2 orientation test.
c: Green bead 1 and 2 comparison. d: Colour comparison.
Figure 5.19: Transmission spectra obtained using the pincer sample holder. (a)
Green bead repeat reading comparison studying spectra reproducibility, same bead and
orientation, (b) Orientation test with Green bead 2, (c) average transmission spectra
comparison for 2 Green beads from 3 different orientations, (d) average transmission
spectra colour comparison using one bead in different orientations.
the shelf bottom is shown in Figure 5.20.
The same preliminary tests were completed using the shelf sample holder as those
completed using the pincer sample holder using exactly the same beads, however, the
sample holder was not removed for the entirety of the runs, with the beads being loaded
and removed with tweezers.
From the results displayed in Figure 5.21, it can be assumed that the systematic
shift in the transmission % for different experimental runs is more likely due to the
light refracting differently through the bead in different orientations and
insignificantly due to removing the plate to load the sample holder.
Both the pincer and shelf style sample holder held a single bead in place making it
possible to obtain a transmission spectra from a single bead. However, variations in
the transmission percentage were observed for both sample holders on similar orders
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(a) Held open. (b) Holding bead.
Figure 5.20: Photos of shelf sample (a) held open, using a piece of dowel holding the
mechanism, to show the pinhole aperture and (b) holding a green bead in place behind
the pinhole aperture.
of magnitude. Both sample holders showed a systematic variation in the transmission
percentage for; the same bead in different orientations and for different beads in
random orientations. Comparison tests were completed using pink beads to test the
variation in transmission percentage for the different holders, Figure 5.22.
The data from Figure 5.22 show a change in transmission percentage of 2.99 %
and 2.35 % at 1000 nm and 200 nm respectively for the pincer holder and 3.74 % and
2.94 % for the shelf holder. Comparing the data for pink beads, there also seems to
be a significant change in the transmission % at the filter and detector switch over at
350 nm when using the two different sample holders. The spectra that aligns more
closely to the cuvette study with the features and transmission intensity is the shelf
sample holder, although the peak in the region of ∼500nm is more prominent when
using the pincer sample holder.
It was found that the variation in transmission % for different beads in a random
orientation or a random bead in several random orientations, were similar by random
variations. During these investigations it was possible to load the pincer sample holder
without removing it from the solid sample plate, making the process slightly quicker
and less time consuming though extra care is needed. This technique is the favoured
technique for the spectrophotometer studies as there is little movement in the plane
perpendicular to the beam line (through the pincers) that would be possible along the
shelf top of the shelf sample holder.
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c: Pink bead repeat reading comparison. d: Green bead 2 orientation test.
e: Green bead 1 and Green bead 2
comparison.
f: Colour comparison.
Figure 5.21: Transmission spectra obtained using the shelf sample holder: (a) Pink
bead repeat reading comparison to show the reproducibility of a spectra with the same
bead and orientation, with the slight variation in the transmission % due to the drift
of the baseline, (b) Orientation test with Green bead 2 and average of the 3 spectra,
(c) Comparison of the average transmission spectra for Green bead 1 and Green bead
2 for 3 different orientations, (d) Transmission spectra comparison between colours
using the average spectra of one bead at different orientations.
5.3.3 Attenuation
The calibration for the attenuation studies was carried out using the pincer sample
holder to hold a single bead in place. The database for a bead colour with no received
dose was established by using a single bead in 5 different orientations for each colour,
as the variation in transmission % for random orientations of 1 bead is comparable
to that of a single random orientation for several beads. These 5 spectra were then
averaged to produce one spectra as a standard for a comparison to be made against.
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a: Pincer. b: Shelf.
Figure 5.22: Transmission study for different beads in a random orientation.
a: Pincer. b: Shelf.
Figure 5.23: Transmission study for the same bead in a different random orientation.
5.3.3.1 Observations
• The baseline can drift during extended time periods of use, this should produce a
systematic error, this can be corrected for.
• When the spectra showed a larger transmission % overall, the relative peak
intensities scale with the increased baseline.
From the latter observation it has been concluded that techniques used for
comparing spectra for different dose irradiations should be based on relative features
of the spectra, rather than comparing transmission intensities directly, due to the
variation in transmission % different orientations can produce.
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5.3.3.2 Spectra
The attenuation studies focused on the annealed beads of each colour with the
average spectra for each bead presented in this subsection. The average transmission
spectra was taken by altering the position of a single bead 5 times to achieve 5
random orientations of a single bead and then taking an average of the 5
transmission spectra obtained through the random orientations.
The spectra for all bead colours of annealed beads is displayed in Figure 5.24. It
is important to recall the observations discussed when evaluating this data; as the
transmission % can vary largely depending on the random orientation of the bead,
therefore the features of the spectra should be analysed when comparing bead colours
rather than the absolute transmission percentage as this can shift though the position
of spectra characteristics remain at the same wavelength.
(a) Lilac, Rose, Frosted (b) Lime, Green, Blue
(c) Red, Topaz, Yellow, Lime (d) Pink, Yellow, Blue
Figure 5.24: Transmission spectra of different bead colours relative to one another (a)
Lilac, Pink, Frosted, (b) Lime, Green and Blue, (c) Red, Topaz, Yellow, Lime and (d)
Pink, Yellow and Blue. The shaded region of the spectra indicates the region of the
spectra that the PMT used in the Risø TL/OSL reader is not sensitive to, with the data
aligning to the results obtained using the Risø TL/OSL reader to the left of the dotted
line in the unshaded region.
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Figure 5.24 displays several comparative combinations of the bead colours,
grouping them by gradual varying colours in visible light expecting to show any peaks
in transmission shifting to larger wavelengths with the next bead colour, flowing
through Figures 5.24a to 5.24c, with Figure 5.24d sampling a spectra from each plot
for a reference comparison. Each of these spectra display a shaded and unshaded
region separated by a black dotted line; the unshaded region indicates the region of
detection the PMT in the Rioø TL/OSL reader is sensitive to, 160 to 630 nm, limited to
200 nm in the spectra as the lower limit of the Cary Spectrophotometer used.
By studying the results in Figure 5.24, it can be seen that the strong UV absorption
discussed by Hasanuzzaman et al. (2015) fro 100 nm to 400 nm, is observed for all
bead colours. The UV absorption in all of these beads could also be due to the presence
of iron, stongly absorbing inthe UV range with the possibility of weaker absorption at
380 nm, 420 nm and 440 nm (Ceglia et al., 2015).
Further analysis of the spectra was achieved by differentiating the average
spectra to determine at which wavelength the transmission % began to change. As
some spectra were more complex than others, such as Lilac in Figure 5.24a, a
consistent method was needed to determine the characteristic points of interest in a
spectra efficiently and consistently.
Pink
Pink beads showed a spectra similar to that of the Red, Yellow, Lime, Lilac, Rose and
Frosted beads for λ ≥ 650 nm, though the whole spectra was most similar to Frosted
beads. When compared to Frosted beads Pink beads showed an almost identical
relative spectra, except for a slightly more prominent transmission % in the region ∼
1010 nm to ∼ 1355 nm, this characteristic is shared with Red, Yellow and Lime beads
and can be seen in Figure 5.24d.
The characteristics in the spectra that these bead colours share show similarities to
spectra obtained in the works of Ceglia et al. (2015), with iron doped soda-lime glass.
In summary, the Pink beads showed a relatively high level of transmission for 350 nm
≥λ≥ 2000 nm.
The reduction in transmission % for Pink beads begins at ∼600 nm at a steadily
decreasing rate until λ ∼350 nm where the rate of reduction in the transmission %
with respect to decreasing λ increases rapidly and reaches the peak rate of change at
∼295 nm, see Figure 5.25a. For λ ≤ 295 nm the rate of change in the decrease of
transmission % with decreasing wavelength reduces and a plateau of the
transmission % is reached at ∼260 nm. At this point in the transmission spectra for
Pink beads, 200 nm ≤ λ ≤ 260 nm, absorption is at its highest and very little
electromagnetic radiation is transmitted through the bead.
Red
The region of the spectra for λ >∼460 nm, shows similar features than that of Pink,
Yellow, Lime, Lilac, Rose and Frosted beads. Studying the differential of the
transmission spectra with respect to λ, Figure 5.25b, the absorption of light starts to
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(a) Pink (b) Red
Figure 5.25: Differential plot of the transmission spectra for (a) Pink and (b) Red beads,
with respect to the wavelength, λ.
occur at λ ∼460 nm, the rate at which the transmission % decreases with respect to
decreasing wavelength reaches a maximum at 600 nm and for 600 nm ≤ λ ≤ 490 nm
reduces to a plateau in the change of transmission %. A small increase in absorption
is observed for λ < 340 nm in accordance with all other bead colours, evidence of the
high UV absorption property of soda-lime glass (Ceglia et al., 2015).
Topaz
With respect to decreasing wavelength, λ, Topaz beads show their highest
transmission % at the longest wavelengths with a steady decrease in transmission %
with decreasing wavelength up to ∼650 nm. For λ < 650 nm a steady decrease with
respect to decreasing λ, indicating an increase in absorption. However, in this
reduction of transmission % a peak is observed centred at λ = 352 nm with a FWHM
of 41.1 nm, identified using the findpeaks function in MATLAB. As shown by the
differential of the spectra in Figure 5.26a, his peak starts at λ = 410 nm in the
decrease of transmission %, for λ < 350 nm a reduction in the transmission % is
observed at a greater rate than that of the decrease between 650 nm and 410 nm. In
the range of λ < 300 nm Topaz beads show the same steady decrease in transmission
% as all other beads.
Yellow
At the limit of the detector, 200 nm, there was large interference of noise from run 4
and 5 for the 201 nm and 200 nm these data points were ignored in the plotting of the
data in Figure 5.24c.
Studying Figure 5.24c it can be seen that the Yellow beads show a significant
reduction in the transmission % beginning at λ≈ 570 nm, similar to the nature of the
decrease for Red beads. However, the decreases for yellow beads is much sharper than
that for Red and Topaz beads as can be seen when comparing the differential for
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(a) Topaz (b) Yellow
Figure 5.26: Differential plot of the transmission spectra for (a) Topaz and (b) Yellow
beads, with respect to the wavelength, λ.
Yellow beads in Figure 5.26b with Figures 5.25b & 5.26a. The plateau in the
transmission % occurs at λ≈ 470 nm, with the characteristic decrease in transmission
% for λ≤ 350 nm observed in all bead colours.
Lime
As discussed when analysing other colours, Lime beads showed a slight increase in
the region ∼1010 nm to ∼1355 nm, resembling the spectra of Pink, Red, Yellow, Lilac,
Rose and Frosted beads in this region. Unlike the previously discussed bead colours,
Lime beads showed a peak and trough in the transmission spectra in the visible range
due to the increased transmission of green light in the region of 440 nm ≤λ≤ 640 nm,
see Figure 5.24b. A further decrease in the transmission % was observed for
λ≤ 350 nm, as present in all bead colours and consistent with UV absorption reported
in literature (Hasanuzzaman et al., 2015; Ceglia et al., 2015).
The peak transmission in the Risø detection range was identified using the
findpeaks function in MATLAB shown in Figure 5.27a, found to occur at 558 nm
with a FWHM of 77.5 nm. The trough in the spectra was also identified using this
method and found to reach the minimum relative transmission % at 653 nm and a
FWHM of 108.8 nm.
Green
It was expected that the Green and Lime beads would produce a similar transmission %
in the visible light region of the spectra due to their similar colouring, this is confirmed
when comparing the spectra in Figure 5.24b. However, where Lime bead show a small
decrease in the relative transmission % at 653 nm with a FWHM of 77.5 nm, the Green
beads show a much more significant decrease in the transmission % almost equal to
the transmission % in the UV range. This reduction in transmission % reaches the
lowest % at 610 nm with a FWHM of 602.8 nm.
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(a) Lime (b) Green
Figure 5.27: Peak identified using the findpeaks function in MATLAB for (a) Lime
and (b) Green beads, annotated with the features of the identified peaks.
The peak in transmission % of the Green beads occurs at 518 nm with a FWHM
of 150.4 nm. For λ≤∼400 nm the transmission % for Green beads is at the minimum
with the small exception of a small peak centred at 324 nm with a FWHM of 15.4 nm.
Blue
Blue beads show a more complex transmission spectra, with one main peak of
transmission at 396 nm with a FWHM of 191.7 nm and two smaller peaks in the
green to red region of light, see Figure 5.24b. The two smaller peaks both occur in the
absorption band in the blue beads that is centred at λ = 593 nm and FWHM of
176.1 nm.
The first peak in transmission % in the absorption band is centred at λ = 560 nm
and has a FWHM of 20.4 nm, spanning a region of 536 nm to 594 nm. The second
peak transmission % is centred at λ = 21 nm and has a FWHM of 21.8 nm, spanning
a region of 594 nm to 642 nm. The relative prominence of the peaks in the absorption
band is shows that the peak at λ = 560 nm is 5.485 times the prominence of the peak
at λ = 621 nm. Comparing the prominence of these two peaks to the max peak in
transmission % at λ = 853 nm, the prominence are 0.128 and 0.023 that of the main
peak for the peak at λ = 560 nm and λ = 621 nm respectively.
The previously identified peaks in transmission and absorption only consider the
absorption in the region the Risø PMT is able to detect, however another absorption
band can be identified in the infra-red region of the spectra, as displayed in
Figure 5.28a. This absorption band was identified to centre at λ = 1508 nm, as this
absorption is very broad it resulted in a large value of 665.0 nm for the FWHM. This
absorption band does not completely absorb the electromagnetic radiation at these
wavelength but does reduce it from the maximum transmission by roughly ≈15 % at
the point of maximum absorption. Compared to the absorption in the λ = 593 nm,
46 % of the maximum transmission, and that of the absorption in the region λ ≤
280 nm, 29 % of the maximum transmission, the absorption for the λ = 1508 nm band
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(a) Transmission (b) Absorption
Figure 5.28: Peaks identified using the findpeaks function in MATLAB for Blue
beads for (a) Transmission peaks and (b) Absorption peaks, annotated with the features
of the identified peaks.
is less significant.
Lilac
The transmission spectra of the Lilac beads is the most complex of all bead colours
studied, as seen in Figure 5.24a by the sharp peaks and troughs in the transmission %.
The most appropriate general description for the Lilac spectra is a steady decreasing
transmission % with decreasing λ from the maximum at λ = 1274 nm, for λ<920 nm a
series of significant and sharp absorption troughs occur for the continuing reduction in
transmission %. The steady reduction in transmission % reaches a turning point in the
region of 485 nm > λ > 530 nm, where several smaller absorption troughs occur. For
λ < 530 nm a general increase in the overall transmission % is observed with a peak
in transmission % occurring at ∼390 nm with a FWHM of 244 nm. For λ < 390 nm
the transmission % shows a sharp decrease in the transmission % at λ = 280 nm.
Thereafter, for decreasing λ the transmission % decreases at a much smaller rate with
respect to λ than the previous rate of change from 280 nm ≤λ≤ 390 nm.
As the Lilac spectra has many peaks and troughs, indicating increased absorption,
in the transmission % spectra, the result of the MATLAB findpeaks analysis
presented in Figure 5.29 are presented in Table 5.2 to give a more detailed
assessment of the Lilac spectra. The prominence is calculated by the minimum
change in the transmission %, for either side of the peak, before reaching the end
point of the peak or the start of an increase in the plot (The MathWorks Inc., 2019). It
should be noted that caution should be taken when comparing values calculated using
the absolute transmission %, such as the prominence of peaks, as these values could
change with the drift or the baseline or the systematic shift observed when changing
the orientation of beads for different spectra readings.
From Figure 5.29 it can be seen that the only absorption peaks that occur in the
detection range of the Risø TL/OSL PMT are peaks 1, 2, 3 and 4, as these all occur for
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Figure 5.29: Peaks identified using the findpeaks function in MATLAB for Lilac
beads, annotated with the features of the identified peaks.
Peak Number Centre λ (nm) FWHM (nm) Region (nm) Prominence (%)
1 344 12.5 338 - 350 0.764
2 393 245 271 - 516 3.06
3 560 31.0 545 - 576 0.869
4 580 4.60 578 - 582 0.557
5 715 133 648 - 782 1.60
6 775 35.1 757 - 793 1.36
7 846 35.3 828 - 864 0.501
Table 5.2: Lilac peaks labelled by number referring to the findpeaks analysis of the
spectra displayed in Figure 5.29, detailed by the centre wavelength (λ) of the peak, the
transmission band the peak covers calculated by the FWHM and the prominence of the
peaks to show the magnitude of the change in transmission %.
λ< 630 nm. The transmission peak with the largest transmission % in this region was
peak 2 centred at λ = 393 nm, closely followed by peaks 1 and 3 at λ = 344 nm and
λ = 560 nm respectively, with the maximum transmission % of peak 1 within 0.7 % of
the maximum transmission % of peak 2. The narrowest transmission peak identified
was of peak 4, centred at λ = 580 nm with a FWHM of 4.639 nm, resulting in this peak
being just inside the detection limit of the Risø TL/OSL PMT.
The absorption bands for Lilac were also analysed using the negative transmission
% technique used for the Lime, Green and Blue Beads, see Figure 5.30. Again, as there
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Figure 5.30: Peaks identified using the findpeaks function in MATLAB for
absorption peaks in Lilac beads, annotated with the features of the identified peaks.
are large number of absorption bands in the Lilac transmission spectra they have been
recorded in Table 5.3 for reference. The absorption peaks that occur in the detection
range of the Risø TL/OSL PMT are peaks 1,2 and 3. In agreement with the spectra
in Figures 5.24a & 5.29, the strongest absorption band in the spectra is centred at
λ = 585 nm, and shows the comparable broadness to absorption peaks 4, 5 and 6.
Peak Number Centre λ (nm) FWHM (nm) Region (nm) Prominence (%)
1 351 12.4 345 - 357 0.764
2 528 30.9 513 - 543 0.869
3 585 26.0 572 - 598 3.06
4 740 20.2 730 - 750 1.60
5 799 24.6 787 - 811 1.36
6 876 26.3 863 - 889 0.501
Table 5.3: Lilac peaks labelled by number referring to the findpeaks analysis of the
spectra displayed in Figure 5.30, detailed by the centre wavelength (λ) of the troughs,
the absorption band the peak covers calculated by the FWHM and the prominence of
the peaks to show the magnitude of the change in negative transmission %.
In comparison to absorption peak 3, peaks 1 and 2 are significantly smaller at 4.0
and 3.5 times smaller than the prominence of peak 3. The narrowest absorption peak
is peak 1, occurring at λ = 351 nm with a FWHM of 12.4 nm and also has the 2nd
smallest prominence for an absorption peak for the whole range of λ.
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Rose
The transmission spectra of Rose beads shows a steadily decreasing transmission %
with decreasing wavelength, λ, for the majority of the spectra. The region for which
the rate of decrease in transmission % is mostly constant is the 800 nm ≥λ≥ 2000 nm
region, showing a similar trend to that of the Frosted beads in the same region.
Within the overall decrease in transmission % with decreasing λ, a small peak in the
transmission % is observed for 945 nm ≥ λ ≥ 1190 nm, peaking at 1359 nm with a
FWHM of 13.6 nm and a prominence of 0.0886 %.
Two more peaks are identified in the transmission spectra using the findpeaks
technique, the most peak with the largest prominence of 0.1005 % is centred at
λ = 645 nm with a FWHM of 99.8 nm spanning the region of 490 nm to 750 nm. The
second peak in transmission % was centred at λ = 447 nm with a prominence of
0.0598 % and a FWHM of 46.1 nm, For the second peak it is difficult to determine the
region of the whole peak as the transmission spectra sharply decreases to the plateau
point at 350 nm, observed for all bead colours, at which a further slight decrease in
the transmission occurs with decreasing λ.
Frosted
Frosted beads showed a transmission spectra similar to that of Rose beads in the
region 800 nm to 2000 nm and to Pink beads in the region of 200 nm to 800 nm. As
the Pink beads appear colourless and transparent after annealing, the only
observable difference between the beads is the difference in the finish, with frosted
and transparent respectively. As the Pink and Frosted beads show similarities in
their respective transmission spectra except for the region of 800 nm ≥ λ ≥ 2000 nm,
it is likely that the frosted finish to the beads results in the overall reduction in
transmission % observed for both Rose and Frosted beads with decreasing wavelength
in this region.
At λ = 800 nm plateau is observed similar to that in Pink beads and dissimilar to
continual decrease with respect to decreasing λ observed in Rose beads. However, the
same slight peak in transmission % is observed in the region of 945 nm ≥λ≥ 1190 nm
for Frosted beads that is observed in Rose beads, with peak prominence of 0.0230 %
and a FWHM of 33.0 nm. The plateau contains two slight peaks in transmission %
both with prominences < 0.05 % with one peak centred at λ = 546 nm and the other
at λ = 646 nm. The first peak covers a region of 625 nm ≥ λ ≥ 690 nm, where as the
upper limit to the region of the other peak is 600 nm with the lower limit convoluted
with the decline in transmission % reaching a maximum rate of change with respect
to decreasing λ at 350 nm. The plateau before the further reduction in transmission %
with decreasing λ occurs at ∼247 nm rather than 260 nm identified for all other bead
colours.
Summary
This section summarises the transmission and absorption bands for all bead colours
in Table 5.4. After studying all bead colours it was found that the Pink beads produce
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the largest range for transmission for the range 350 nm to 2000 nm, closely followed
by Frosted beads that show transmission for the same range but with a reduced
transmission % that decreased with decreasing wavelength.
On the contrary, Green beads showed the poorest overall transmission spectra
with a rapidly decreasing transmission % with decreasing wavelength for the region
800 nm ≥ λ ≥ 2000 nm, with the only significant transmission peak occurring in the
region of 390 nm to 800 nm.
Bead Colour
Transmission Band (nm) Absorption Band (nm)
Main Secondary Tertiary Main Secondary
Pink ≥ 350 N/A 200 - 260 N/A
Red ≥ 660 N/A 200 - 660 N/A
Topaz ≥ 650 300-410 N/A 300-650 N/A
Yellow ≥ 570 N/A 200-470 N/A
Lime 800-2000 440-600 N/A 440-800 200-350
Green 390-800 300-340 N/A 200-300 800-2000
Blue 270-550 536-594 594-642 1000-2000 400-730
Lilac 7 peaks identified, see Table 5.2 6 peaks identified, see Table 5.3
Rose 490-750 350-490 945-1190 200-350 800-2000
Frosted 625-690 945-1190 N/A 200-350 800-2000
Table 5.4: Summary of the absorption and transmission bands, in order of prominence
and to the nearest whole nm, identified in different coloured beads.
Another purpose to this study was to try to determine which wavelength of light
might be emitted by the beads during thermoluminescence. Figure 5.31 aids the
visualisation of the transmission bands for each bead colour in the detecting range of
the Risø TL/OSL PMT. As can be seen from this diagram there is no transmission
band for λ ≤ 300 nm, though most beads show a fair transmission % for
600 nm ≤ λ ≤ 630 nm except for Lime and Green beads showing higher transmission
% at ≤ 600 nm and ≤ 550 nm, respectively. It should be noted that the detection range
of light when using the filters for the readout is further limited to
250 nm ≤ λ ≤ 400 nm, combining this with the absorption bands displayed in
Table 5.4 agree with the relative intensities of TL responses for different bead colours
presented in Chapter 6.
For the range 250 nm ≤ λ ≤ 400 nm Frosted, Rose, Pink Lilac and Blue coloured
beads show a fair transmission %, relatively unchanged from the transmission % of
the rest of the spectra. The bead colours producing the largest transmission % in this
region are likely to be Frosted, Pink and Rose beads. It was found in TL studies that
Lime and Green beads repeatedly produce poor TL response in comparison to other
bead colour, see Chapter 6, this could be due to self-attenuation in the detecting range
for the PMT with the use of filters. As seen by the absorption bands in Table 5.4
significant absorption for both Green and Lime beads occurs in the detecting region of
250 nm ≤λ≤ 400 nm, though a small peak in transmission is observed for Green beads
for 300 nm ≤λ≤ 340 nm.
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Figure 5.31: Visualisation of transmission bands for different bead colours.
Studying the TL response both Lime and Green beads, no significant difference
to the TL response between the two bead colours is found, regardless of the small
transmission peak for Green beads. This could suggest that the wavelength of the
light emitted by TL is in the range of 250 nm ≤ λ ≤ 300 nm or 340 nm ≤ λ ≤ 400 nm,
assuming that all bead colours luminesce the same wavelength of light. Alternatively,
as the transmission band for Green beads at 300 nm ≤ λ ≤ 340 nm has a comparably
small magnitude to the transmission % acquired for no absorption, this could have
a negligible affect on the attenuation of light in Green beads compared with Lime
beads, resulting in the potential range for the wavelength of TL emitted light to be
250 nm ≤λ≤ 400 nm.
Lilac beads showed absorption at 345 nm-357 nm, where as Topaz show a peak in
transmission at 300 to 410 nm differing from the self-attenuation of Red and Yellow
beads in that transmission window. Suggesting the transmission occurs within 250 nm
and 300 nm, here Red Topaz and Yellow beads all show a high absorption. This could
be relatively larger than Green and Lime beads as we are not sure on the shift of the
transmission % from spectra to spectra let alone for different bead colours. In this
region, Blue and Lilac have a relatively high transmission % with Topaz having an
intermediate transmission % and Pink, Frosted and Rose beads have an even larger
relative transmission %, where as Green and Lime beads show absorption like the Red
and Yellow beads.
Accounting for the high absorption of the Red, Topaz and Yellow beads in the
range of 250 nm and 300 nm, could be the consideration of multiple recombinations
occurring for the same activation energy, this would result in TL occurring for
different wavelengths. The range of wavelengths this would occur for in just the Red
Topaz and Yellow beads compared to that of the Blue, Green and Lime and possibly
Lilac beads, would be for 600 nm to 630 nm (2.03 eV to 1.98 eV). This range of
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luminescence in glass are caused by H defects, annealing, trivalent Si centres Si
nano-clusters Si implantation Si and C implantation and annealing ans STEs (Salh,
2011).
Also worth considering is the fact that Red, Pink and Frosted beads clearly show
evidence of a second glow-peak, therefore it is possible that different recombinations
and TL emissions occur due to the change in the activation energy required for the
respective glow-peak, the combination of which contributes to the overall TL
response. This is also possible of Rose, Yellow, Topaz and Lilac beads however it is not
as prominent in the glow-curves of these bead colours. It could be possible that for the
Blue, Green and Lime beads the luminescence of this peak occurs in the absorption
band of these bead colours hence reducing the TL response for these beads.
5.3.4 Colour Change by Dose
All bead colours tested used annealed beads as a standard for each bead with the
original bead colour for the dose study and as the original colour to be compared across
colours for attenuation studies. The annealed beads show the colour of the bead after
cleaning and annealing, ready to be irradiated, where as the control beads are sent
with the beads to be irradiated as a control for the TL studies and could be exposed to
x-rays in the courier process.
In most cases the colour of the silica beads changes from the original colour to a
darker hue with increasing dose, see Figure 5.32. All beads can be seen to visibly
change colour significantly from their original colour except for the Red and Lilac
beads, with the Green beads appearing to be darkest and the Topaz beads becoming
lighter in colour. After readout the severity of the colour change was significantly
reduced, with all beads almost returning back to their original colour and closer to
their original colour after annealing.
Works by El-Batal et al. (2017) have investigated the effects gamma radiation of
8 Mrad have had on the absorbence of doped and un-doped soda lime glass. In these
studies it is evident that the process of irradiating glass alters the optical properties as
the optical absorption spectra shows an increase in the absorbance for the wavelength
range 200 nm to ∼630 nm; displaying three strong peaks at 240, 310 and 340 nm with
a broader, smaller peak at 530 nm.
Reported in the literature are observations that Fe present in glass can increase UV
absorption (reduce UV transmission), in most cases Fe is an unavoidable contaminant
but it can also be used to dope glass to produce certain colours and effects. Fe3+ has a
strong absorbance in the UV region and weaker at 380 , 420 and 440 nm, resulting in a
yellowish colour, with no other dopants present. Though Fe2+ has a tailing absorbance
peak in the near infrared peaking at 100 nm, resulting in a blueish colour with no
other dopants present (Ceglia et al., 2015).
It is suggested that the change in colour of the beads is likely due to radiation
damage, causing the colour centres of the silica to change, possibly affecting the energy
of electron traps or creating new ones due to radiation damage (Furetta, 2003; Farah
et al., 2012), or radiation induced attenuation (Kashaykin et al., 2019), hence altering
the light absorbed throughout the material.
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Figure 5.32: Photo of beads exposed to the full range of doses investigated in these
studies, in the sequence of (from left to right); Annealed, Control (0 Gy), then by
increasing dose as detailed in Tables 7.1 & 7.2. With bead colours, from top to bottom;
Frosted, Rose, Lilac, Blue, Green, Lime, Yellow, Topaz, Red, Pink.
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A study for the colour change of all 18 doses irradiated in the detailed dose response
study, Section 7.1, for Pink beads was conducted. However, due to technical issues at
the time of investigation, the data gathered for this study was deemed inaccurate.
There is great potential in characterising and establishing this study as a dosimetry
technique or in aid of TL dosimetry at high doses, see Section 7.1. In conclusion, the
characterisation of colour change as a dosimetry technique or aid is a significant source
of investigation for future work.
This study was repeated for Pink beads irradiated with the doses investigated in
the 5 dose studies; Control (0 kGy), 1 kGy, 5 kGy, 50 kGy, 150 kGy and 250 kGy, as well
as the 225 kGy to determine whether this could be distinguished from the 250 kGy.
The average spectra of 5 bead orientations were taken, as in the attenuation study, to
produce an average spectra for each dose displayed in Figure 5.33.
Figure 5.33: Graph of the average transmission spectra for pink beads for 5 different
doses, as labelled in the legend, with the non-shaded region showing the detection
range of the PMT in the Risø TL/OSL reader.
As seen in Figure 5.33 there are observable changes in the transmission spectra
of the Pink beads with an increasing dose. It should be noted that the transmission
% should not be compared between spectra of different doses as there is a systematic
shift in the transmission % of the entire spectra due to the random orientation of beads.
This effect is observed with the annealed and control doses of the beads, though both
effectively receiving no dose the transmission % of the spectra is shifted.
After observing the differential of the annealed and control spectra it was found
that these are almost identical with the prominent absorption band in the region of≤
260 nm and starting at ∼350 nm, as shown in Figure 5.34. The shift in transmission
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% and also be observed in the differential plot as the maximum rate of change with
respect to λ is smaller, observed by the varying peak heights in Figure 5.34, though
the change in the rate of change in the spectra remains constant at ∼300 nm.
Figure 5.34: Differential of spectra for the Annealed and Control doses for Pink beads,
with markers annotating the points of absorption and transmission in Figure 5.33.
Studying the spectra displayed in Figure 5.33 that have received a dose shows that
the spectra begins to differ from that of the annealed or control beads at λ∼800 nm. A
magnified spectra focusing on 200 nm ≤ λ≤ 1000 nm, Figure 5.35a shows the change
between transmission spectra more clearly; a steady decrease in the transmission %
is observed in the Control beads, where as a more rapid decrease in the transmission
% occurs with respect to decreasing λ. This is also displayed in the differential of
both spectra in Figure 5.35b by the increased value of the differential for 1 kGy, most
noticeable in the region of 615 nm≤ λ ≤ 770 nm. The maximum difference in the two
rates of reduction in transmission with decreasing λ for this region is observed for
685 nm≤λ≤ 710 nm.
The differential of the two spectra then differ again in the region of 260 nm ≤
λ ≤ 540 nm, though at ∼420 nm the spectra show comparable rates of change briefly
before diverging again in value. The largest difference between the two differentials
in this region occurred at 300 nm corresponding to the midpoint of the decrease in the
transmission % with decreasing λ. This was followed by λ = 340 nm, at this wavelength
in the spectra the two spectra differ in the nature of the absorption occurring indicating
the peak in d/dλ for 1 kGy in this region of difference.
The comparison of spectra and differential of transmission % was conducted for
the 1 kGy and 5 kGy spectra, displayed in Figures 5.36a & 5.36b respectively. It can
be seen by studying these figures that there are no easily identifiable differences in
the spectra other than the absolute transmission %. As the transmission % cannot be
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(a) Spectra (b) Differential of spectra
Figure 5.35: The (a) Spectra and (b) Differential of spectra for the Control and 1 kGy
dose for Pink beads.
taken as a valid absolute value to compare against different samples for the current
experimental set up, a limit on the lower limit of identification of analysing the colour
change of the beads with increasing dose is 5 kGy.
(a) Spectra (b) Differential of spectra
Figure 5.36: The (a) Spectra and (b) Differential of spectra for the 1 kGy and 5 kGy
doses for Pink beads.
The comparison of the transmission spectra and its differential was continued for
further radiation doses. The results fro the 5 kGy and 50 kGy comparison are displayed
in Figure 5.37, showing a more prominent absorption for 50 kGy for λ ≤ 800 nm, as
before for the comparison of no dose and 1 kGy and 5 kGy.
Studying the differential of the spectra displayed in Figure 5.37b, similar behaviour
is observed when comparing the 1 kGy and 5 kGy differential spectra to the Control.
A difference in the differential is shown in the same regions as for 1 kGy and 5 kGy, in
the region of 415 nm ≤ λ≤ 600 nm and 615 nm ≤ λ≤ 800 nm. However, an additional
difference is also apparent in that the maximum of d/dλ occurs at a larger wavelength.
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(a) Spectra (b) Differential of spectra
Figure 5.37: The (a) Spectra and (b) Differential of spectra for the 5 kGy and 50 kGy
doses for Pink beads.
For doses < 50 kGy the maximum d/dλ occurred at λ ≈300 nm, however, for 50 kGy
the maximum d/dλ occurred at λ ≈340 nm. This change in wavelength at which the
maximum d/dλ occurs suggests a change in the absorption band.
(a) Spectra (b) Differential of spectra
Figure 5.38: The (a) Spectra and (b) Differential of spectra for the 50 kGy to 250 kGy
doses for Pink beads.
However, considering the spectra of the doses > 50 kGy no further differences are
observed in the correlation between the transmission % and λ, Figure 5.38a. Referring
back to the optical colour change observed in pink beads displayed in Figure 5.32, a
difference in colour can be seen for doses > 50 kGy; this suggests that the difference
in these colours is due to the absolute transmission %. As the transmission % cannot
be taken as a valid absolute value to compare against different samples for the current
experimental set up another limit in differentiating the colour change has been defined
for the upper range of doses when analysing the transmission spectra.
It can also be noted from Figure 5.38 that the features of the transmission spectra
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and the differential of the transmission spectra for 225 kGy and 250 kGy are almost
identical, similar to that of the 1 kGy and 5 kGy spectra. For doses at the higher end of
the experimental dose range a limit of differentiation between spectra is determined as
> 25 kGy. Due to these limits, the comparison of varying differential spectra displayed
in Figure 5.39 exclude doses 1 kGy and 225 kGy as they appear to be indistinguishable.
When analysing the differential spectra of 150 kGy, 225 kGy and 250 kGy, all
spectra showed the maximum d/dλ occurring at λ≈340 nm. The differential spectra for
doses > 50 kGy show that the maxima of d/dλ still occurs at λ ≈340 nm, see
Figure 5.38b, though the value of d/dλ gets smaller with increasing dose.
Figure 5.39: Smoothed differential of spectra for the Control, 5 kGy, 50 kGy, 150 kGy
and 250 kGy doses for Pink beads.
The reduction in the value of d/dλ is seen for increasing dose for the whole dose range
up to 250 kGy, see Figure 5.39, for the region of 260 nm ≤λ≤ 415 nm for the differential
transmission spectra. However, the same correlation is not observed for the value of
d/dλ in the 415 nm ≤ λ ≤ 800 nm region, in this region two features of d/dλ are observed
that vary from the value of d/dλ for the Control spectra. For both of these occurrences
the 50 kGy bead produces the maximum deviation in d/dλ from the Control at a given
wavelength, this could be indicative or a turning point in the nature of the absorption
with increasing dose, centred about a dose of 50 kGy.
In conclusion, further work is needed to determine a more robust way of measuring
reproducible transmission spectra without such a large variation in the transmission
% between readings. Due to this limiting factor in the experimental technique the
smallest difference between beads exposed to different doses was found to be 5 kGy at
the lower dose range (up to 50 kGy) and 25 kGy at the upper dose range (50 kGy to
250 kGy).
Differences in the spectra of different radiation doses were observed in the
transmission spectra and further analysed by the differential of the transmission with
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respect to the wavelength, d/dλ. The combination of the two spectra were used to
identify the relative changes in the absorption of light in irradiated pink beads and
the regions at which they occurred.
Future work into the dose at which the wavelength of maximum absorption
changes from 300 nm to 340 nm could give an insight into the light that is attenuated
within the bead during the readout. Current data suggests that this dose is 50 kGy
though due to a reduction in the valid data this is a vague value. Performing the same
analysis techniques on spectra for doses 25 kGy, 30 kGy, 40 kGy, 60 kGy and 75 kGy,
originally to be investigated, would give a clearer understanding of the extent of
absorption occurring.
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Chapter 6
Establishing Thermoluminescent
Response of Silica Beads
This chapter introduces the use of glass beads as thermoluminescent materials,
investigating their glow-curves, homogeneity and reproducibility. The method of
irradiation is defined for each section where necessary.
6.1 Glow-curves
Glow-curves can be analysed in several ways to evaluate different characteristics and
TL parameters. The most common analysis applied to a glow-curve is the integration of
the glow-curve with respect to time or temperature, resulting in the total TL response.
In these studies the integrated glow-curve is mass normalised in an attempt to account
for the effect different sized beads could have on the TL response.
The glow-curves of different coloured beads vary in shape, implying that different
electron traps, recombination centres and population of traps occurs with varying bead
colour. For some bead colours, two glow-peaks are clearly visible, such as Red beads
shown in Figure 6.1c, where as other beads show a low signal to noise ratio making it
difficult to determine the number of glow-peaks, as shown in Figure 6.1b.
The intensity of each glow-peak for a given bead colour changes with increasing
dose, this can increase and then begin to decrease with an increase in dose, this is
demonstrated in the nature of the TL response in Section 7.1. Different glow-peaks
are seen to populate at varying doses for different bead colours, this can be seen in
Figure 6.1d, this is discussed in detail in Section 7.1.2.1.
Techniques, such as those defined in Section 4.2 and Furetta (2003), can also be
applied to glow-curves to determine glow-peak parameters, for instance; the order of
kinetics, the activation energy, the pre-exponential factor, etc.
The analysis of glow-curves in this section includes the analysis of glow-curve
parameters as well as an introduction into the characteristics and behaviour of the
glow-peaks that constitute these glow-curves, for a basis of discussion in later studies,
Section 7.1.2.1.
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(a) Pink and Frosted (b) Green and Lime
(c) Blue, Yellow, Red, Topaz and Rose (d) Pink beads at different doses.
Figure 6.1: Thermoluminescent glow-curve of; (a) Pink and Frosted, (b) Green and
Lime, (c) Blue, Yellow, Red, Topaz and Rose, bead, at a dose of 250 kGy, (d) Pink beads
at different doses from 1 kGy to 250 kGy.
6.1.1 Peak Analysis
6.1.1.1 Alurtron Irradiation
From studies of the Toho Japan beads using Alurtron irradiation, it can be seen from
Figure 6.1c, some beads exhibit glow-curves with clearly more than one glow-peak. The
most predominant double glow-peaked glow-curves are produced by Red beads.
The temperatures at which different glow-peaks of Red beads reached their
maximum were studied across the dose range for the ts = 3 weeks study. The
temperature of the peak was identified by using the findpeaks function in
MATLAB and the code in Appendix C.1.1.1, by plotting the glow-curve as a function of
temperature (◦C), an example of the identified peaks for Red beads is displayed in
Figure 6.2.
Using this technique, the temperature at which the 1st glow-peak reached
maximum, TM , was calculated to be (259.7 ± 0.2) ◦C, with the error calculated as the
error in the mean or (260 ± 4) ◦C, using standard deviation for the error calculation.
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Figure 6.2: Glow-curves as a function of temperature (◦C) for Red beads irradiated
with 1 kGy and 250 kGy, analysed using the findpeaks function in MATLAB.
As can be seen from Figure 6.2, the 2nd glow-peak in the glow-curve is only visible for
the 250 kGy glow-curve and is incomplete, implying that the peak of the 2nd
glow-peak occurs at a temperature ≥ 370 ◦C.
The single glow-peak for Pink beads is seen to shift more to higher temperatures
with an increasing dose as shown in Figure 6.1d, this effect occurs when more than
one glow-peak is present in the glow-curve even though only one glow-peak may be
visible. The glow-peak producing the largest TL response in a glow-curve will be the
dominant glow-peak in a glow-curve where glow-peaks overlap. The overlapping of
glow-peaks is described as convolution and deconvolution is the technique used to
separate different glow-peaks from one convoluted glow-curve. The apparent
movement of the maximum TL response of a glow-peak migrating to higher
temperatures, as a function of storage time or dose, is evidence of a glow-peak at a
higher temperature than that expected or previously identified contributing an
increasing proportion of the overall TL response, hence shifting the apparent peak of
the expected glow-peak. This effect is also discussed with regard to increasing storage
times in Section 7.3.2.2.
In the case of Pink beads in this study, this suggests the increasing population
of a 2nd glow-peak with increasing dose. However, the temperature at which the TL
response reaches a maximum for the 1st could still be estimated by evaluating glow-
curves that appeared to have only one dominant glow-peak, occurring for 1 kGy to
7.5 kGy. From this data set, TM for Pink beads was calculated to be (291.7 ± 0.6) ◦C
with the error evaluated using the error in the mean and (291 ± 2) ◦C considering the
standard deviation.
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6.1.1.2 Sr90/Y90β Irradiation
The temperatures at which the maximum TL response occurs for the glow-curves of
Pink Toho Japan beads in response to β irradiation have been evaluated. The beads
irradiated with 4 different β source doses (5, 10, 15, 20 Gy), as part of the β linearity
study, were analysed for each dose and averaged, results displayed in Table 6.1.
Dose (Gy) Average TM (◦C)
5 296.2 ± 0.3
10 294 ± 1
15 297.6 ± 0.7
20 296 ± 1
Average 296.1 ± 0.2
Table 6.1: Table of TM for Pink beads irradiated with the β Sr90/Y90 source, readout
with a heating rate of 10 ◦Cs−1.
The temperature at the maximum TL response, TM , was calculated to be
(296.1 ± 0.2) ◦C when calculating the error using the error in the mean and
TM = (296 ± 5) ◦C when considering the standard deviation. Comparing this to the
value calculated for Pink beads irradiated in the Alurtron studies shows that the
values of TM for each study are within the calculated values and respective error
considering the standard deviation.
This study could be extended to other bead colours, to verify that the glow-peak
that is dominant at low doses for β irradiation is a product of the same recombination
process occurring for the 1st glow-peak in the Alurtron irradiation studies.
6.1.1.3 Neutron Irradiation
The glow-peaks for glow curves in the neutron irradiation study were also performed
for Pink and Red beads with doses calculated in the region of 6.9 Gy from neutrons
for Shielded beads and for Unshielded beads a dose of 1.6 Gy from fission photons and
6.9 Gy from neutrons. It should be noted that the actual photon dose may be higher
due to the possible exposure to photons produced from radioactive decays (Williams,
2018). The temperature at which the peak TL response in the glow-curve occurred,
TM was determined for each dose and each maximum temperature in the heat cycle,
T f = 370 ◦C or 400 ◦C, result displayed in Table 6.2.
There is no standard deviation value for the T f = 400 ◦C analysis as only one glow-
curve was taken for this set-up. The value of TM for Pink beads are in agreement with
those of both previous studies for Alurtron and β irradiation, as the result with an
associated error gives TM = (300 ± 5) ◦C, for a neutron source and TM = (299 ± 4) ◦C,
for a neutron and photon source. However, this is not true for the Red beads which
resulted in TM = (286 ± 7) ◦C for a neutron source and TM = (283 ± 9) ◦C, for a neutron
and photon source, providing a minimum difference of ∼ 10 ◦C when considering all
uncertainties.
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Bead Colour
T f inal
(◦C)
Shielding
(◦C) No Shielding (
◦C)
TM
Standard
Deviation TM
Standard
Deviation
Pink
370 300 5 300 3
400 287 N/A 305 N/A
Average 294 N/A 302 N/A
Red
370 286 7 283 9
400 262 N/A 299 N/A
Average 274 N/A 291 N/A
Table 6.2: Temperature at which the maximum TL response occurs, TM , and respective
standard deviations for Pink and Red beads for both doses and maximum heat cycle
temperatures, T f inal , of the neutron irradiation studies.
In the case of the calculation of TM for Red beads it is important to consider that
the Red beads were activated, see Section 6.4 for more details, this may have given
beads a self-dose or changed the recombination processes occurring in the bead during
thermoluminescence. Due to this effect, beads had to be stored for a significant time
before they could be safely transported and read-out, this may have had an effect on
the glow-curve and ultimately the value for TM for the Red beads.
It is possible to state that the same recombination process responsible for the 1st
glow-peak occurs for Pink beads, regardless of radiation type or dose. However, further
work is required for Red beads, and other colours, at low doses to determine whether
they are independent of radiation type. Though Alurtron studies suggest that glow-
peaks of Red beads are also independent of dose further studies are needed to confirm
this for low dose ranges and different radiation sources.
6.1.2 Activation Energy, E, and Order of Kinetics, b
In this subsection the activation, E, is determined for Pink and Frosted beads using
the various heating rate method for first order kinetics as determined in Section 2.3.3,
using a β source. It is important to note that the temperature at which the maximum
intensity (IM) occurs in the glow-curve ,TM , for Pink beads appears to occur in the same
temperature range for beta irradiation and for irradiation by the Alurtron electron
beam for a dose of 1 kGy.
The Kirsh method is also applied to the glow-curves of all bead colours and both
irradiation sources, rather than just Pink and Frosted beta irradiated sources, as
studied using the various heating rates method. The Kirsh method is applied to all
bead colours irradiated by the Alurtron source to a dose of 1 kGy. It is expected that E
for Pink beads of both irradiation sources should be comparable as the glow-curves
show a similar values for IM and TM .
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6.1.2.1 Various Heating Rate Method
The weighted calculation in MATLAB is programmed to calculate a weighted plot for
only one variable so the first technique was to fit with the weighting for the y
component and then to x component, producing two fits with calculated uncertainties
and confidence bounds, see Table 6.3 and Figure 6.3a
Weighting of errors
x y Average
Fit 5% 95% Fit 5% 95% Fit 5% 95%
E
(eV) 0.142 0.108 0.205 0.141 0.094 0.188 0.141 0.101 0.197
SSE (%) 9.7 N/A 10.4 N/A 10.1 N/A
R2 0.958 0.963 0.961
Table 6.3: E using the first order method to 3 sf. SSE standard estimated error
calculated using the fit function in MATLAB.
(a) y-weighting (b) x-weighting
Figure 6.3: Plot for calculating E plotted as suggested in Section 4, (a) with the y-
weighting applied and (b) an inverse plot of (a) with the x-weighting applied.
It should be noted that the uncertainty calculated in the temperature, in these
calculations, is defined by the standard deviation in the mean. This may not be an
accurate assessment of the uncertainty as the temperature of the sample/planchet is
not recorded during the TL readout. The temperature of the sample is estimated by
the specified heat-cycle which appears to align well with the temperature of the
sample/planchet, see Section 3.3. It is also important to consider the extent of
convolution of other glow-peaks in the glow-curve; the above techniques assume the
calculation of E specific to one glow-peak, hence convolution of another glow-peak
with the supposed observed single peak will affect the value of TM as well as the
value of IM .
132
From this method it has been calculated that the activation energy, E, for Pink
beads is calculated to be (0.14 ± 0.01) eV, with the uncertainty calculated from the
average of the percentage SSE of the two gradients.
This technique was also applied to the Frosted beads, however only using two
different heating rates, hence Equation 4.2 was used for the calculation of E. The
application of this method found that the activation energy for Frosted beads was
E = 0.1855 eV, considering the uncertainties E = (0.19±0.03) eV. Using the same
technique to calculate E for the Pink beads using the graphical various heating rates
technique and the same heating rates used for the Frosted beads, E = 0.1756 eV,and
considering uncertainties E = (0.18±0.03) eV.
When considering E and the respective uncertainties in their calculation the two
ranges of values for E, calculated for the Pink beads agree, though the averages differ.
There is a clear difference in calculated values of E between the two techniques for the
Pink glow-curves, with the graph fitting technique demonstrating a lower uncertainty
than using Equation 4.2, most likely due to the larger amount of data used for the
calculation.
The value of E for both Pink and Frosted beads also agree when considering
uncertainties, for the Equation 4.2 technique. It is possible that the two bead colours
have the same activation energy for the glow-peak studied, with some of the values
differing due to the technique used. On the other hand, it is important to consider
that the two bead colours could have different activation energies as they contain
different percentages of elements and different dopants, see Section 5.1.2, therefore
providing potentially different frequencies of different traps and recombination
centres with in the two bead types. Investigations using the graph fitting variation of
the various heating rate technique would aid in the clarification of the variation of E
across different bead colours.
6.1.2.2 Kirsh Method
The glow-curves of a simulated glow-peak and that of experimental data of a Pink and
Red bead irradiated at 1 kGy were analysed to attempt the determination of the order
of kinetics. As described in Section 4, the Kirsh method defined by
∆ ln(I)
∆ ln(n/n0)
= b−
(E
k
)( ∆(1/T)
∆ ln(n/n0)
)
(4.10)
where I is the intensity, n is the number of trapped electrons at a given time and
temperature T due to the heating rate β, n0 is the number of trapped electrons at time
t= 0, b is the order of kinetics, E is the activation and k is the Boltzmann constant in
eV.
When analysing the simulated glow-peak using this technique the data fitted
perfectly to a straight line, with an R2 value of 1. Though this method showed a
strongly linear fit and a correct value of the energy E it returned a different value of b
than that in putted into the simulation, see Section 2.3.3. It was found in
Section 2.3.3 that the section of the glow-curve that gave the most accurate evaluation
of b and E, excluding the extremes of the glow-curve that could be influenced by other
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Figure 6.4: Example of the glow-curve of a Frosted bead irradiated by the Alurtron
source with a dose of 1 kGy, used to apply the Kirsh method, resulting in Figure 6.7.
Annotations showing the maximum intensity, Imax, and the region in which the Kirsh
method is applied, between 1/4Imax and 3/4Imax.
glow-peaks or noise, is defined by the region confined by 1/4Imax and 3/4Imax with
corresponding temperature region.
The tangent from the initial rise of the 1st glow-peak in the 1 kGy glow-curve,
defined by the 1/4Imax and 3/4Imax region, was evaluated for all bead colours. The Kirsh
method was then applied to this region for all bead colours, calculating the values of E
and b displayed in Table 6.5.
Beta Irradiation, Sr90/Y90
The Kirsh method was applied to all of the suitable glow-curves obtained in the beta
irradiation study for Pink Toho Japan beads, covering the 5 Gy to 20 Gy dose range.
The glow-curves for 5 Gy showed a poorer signal to noise ratio (SNR) than that of the
20 Gy glow-curves, hence the original glow-curves were smoothed using the smooth
function in MATLAB, see Figure 6.5. Both the smoothed glow-curves and the original
glow-curves were analysed using the Kirsh technique, with the calculated values for E
and b displayed in Table 6.4. 5 glow-curves were used for each bead colour with the 3
different robust fitting techniques applied; none, bisquare and LAR.
As can be seen from comparing the types of glow-curves used in Figure 6.6,
original or smoothed, the SNR of the glow-curve can have an affect on the fitting of
the data, even though only a slight change is made to the appearance of the
glow-curve demonstrated in Figure 6.5.
The values presented in Table 6.4 are calculated by applying the Kirsh method to
individual glow-curves and then taking the average of the 3 robust fit types discussed
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Figure 6.5: Example of the original and smoothed glow-curve of a Pink bead irradiated
by the Sr90/Y90 source with a dose of 5 Gy, used to apply the Kirsh method, resulting
in Figure 6.6.
Figure 6.6: Example of the fitting of the Kirsh method applied to a Pink bead irradiated
by the Sr90/Y90 source with a dose of 5 Gy, calculated from the original and smoothed
glow-curve illustrated in Figure 6.5.
in Section 2.3.3 and literature (Singh et al, 1998). An overall average of all calculated
values of b and E are then taken with the standard deviation calculated by the
variation in the average values.
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Dose
(kGy)
Glow-
curve
Robust Type
Average
None Bi-square LAR
E b E b E b E b
5
Original
0.16
± 0.02
3
± 1
0.22
± 0.04
6
± 2
0.15
± 0.02
3
± 1
0.18
±0.04
4
± 2
Smooth
0.16
± 0.01
3.2
± 0.8
0.155
± 0.005
2.83
± 0.3
0.16
± 0.01
2.9
± 0.5
0.16
± 0.01
3.0
± 0.6
10
Original
0.16
± 0.03
3
± 1
0.14
±0.02
2
± 1
0.14
± 0.02
2
± 1
0.15
± 0.03
3
± 1
Smooth
0.157
±0.009
3.1
±0.5
0.15
± 0.01
2.7
± 0.8
0.150
± 0.009
2.8
± 0.7
0.15
± 0.01
2.9
± 0.7
15
Original
0.18
± 0.01
3.8
± 0.7
0.17
± 0.02
3.2
± 0.8
0.17
± 0.2
3.2
± 0.6
0.17
± 0.02
3.4
± 0.8
Smooth
0.164
± 0.004
3.3
± 0.3
0.159
± 0.009
3.0
± 0.5
0.162
± 0.006
3.06
± 0.3 0.162 3.09
20
Original
0.161
± 0.006
3.3
± 0.4
0.168
± 0.01
3.6
± 0.5
0.17
± 0.01
3.6
± 0.7
0.17
± 0.01
3.5
± 0.6
Smooth
0.156
± 0.003
3.0
± 0.2
0.155
± 0.004
3.0
± 0.2
0.155
± 0.004
3.0
± 0.2
0.155
± 0.004
3.0
± 0.2
Table 6.4: Activation energy, E, and order of Kinetics, b, calculated using the Kirsh
method for Pink beads irradiated with doses 5 Gy, 10 Gy, 15 Gy and 20 Gy delivered by
the beta source, for original and smoothed glow-curves, with errors calculated by the
sum of squares due to error (SSE).
Evaluating the average activation energy and order of kinetics by dose, no
variation is observed when considering the calculated uncertainty given by the
standard deviation. This was observed when comparing all glow-curves fittd using all
three techniques.
The technique that calculated E to be within the range calculated when using the
graph plotting various heating rates method, 0.013 to 0.015 eV, most frequently was the
LAR method, mostly for 10 Gy glow-curves smoothed or original. Though the reduction
of significant figures to match the preciseness limited by the uncertainty a significant
number of calculated values for E agree with the value calculated using the various
heating rates method. Calculating the activation energy in this range of values gave
E = (0.143±0.006) eV. Calculating the order of kinetics, b from the same glow-curves
identified for the previous calculation gave b = 2.76±1.49, to 3 significant figures.
When considering the entire range of values for E for the Pink beads calculated
using both the graph fitting technique and Equation 4.2 of the various heating method,
0.13 to 0.21 eV, 91.6 % of the calculated values of E using the Kirsh were found to be
within this range. Calculating E and b using this data set gave E = (0.16±0.01) eV and
b = 3.30±0.994, to 3 significant figures. Averaging across all of the values calculated
for E and b in Table 6.4, resulting in the values of E = (0.16±0.02) eV and b = 3±1,
with standard deviations of 13.7 % and 38.1 % respectively.
136
Alurtron Irradiation
The Kirsh method was applied to glow-curves for all bead colours irradiated to 1 kGy
by the Alurtron source. The definition of the region of the glow-curve to be analysed
was kept constant, confined by 1/4Imax and 3/4Imax, as shown by Figure 6.4. Green and
Lime beads were not analysed using this technique as they did not have sufficient
glow-curves.
Both original and smoothed glow-curves were analysed in this investigations, as
done in the beta irradiation Kirsh calculations. The difference between the fit of the
data from an original glow-curve and that of a smoothed glow-curve can be seen in
Figure 6.6, for a 5 Gy beta irradiated Pink bead. The data displayed in Figure 6.7 is
that of the original glow-curve displayed in Figure 6.4, for a 1 kGy Alurtron irradiated
Frosted bead. 5 glow-curves were used for each bead colour with the 3 different robust
fitting techniques applied; none, bisquare and LAR. The average values for E and
b calculated by each fit, glow-curve type (original or smoothed) and bead colour are
displayed in Table 6.5.
Figure 6.7: Example of the fitting of the Kirsh method applied to a Frosted bead
irradiated by the Alurtron with a dose of 1 kGy, calculated from the glow-curve
illustrated in Figure 6.4.
The bead colours that showed the best fit to the plot when applying the Kirsh
method were the Pink and Frosted beads, this is likely due to the smoothness of these
glow-curves compared to other beads as they have a much higher SNR than other
bead colours. These bead colours also produced the most coherent values of b when
calculated for the 5 different glow-curves, resulting in the smallest standard
deviations for the average for all fits applied to the data.
Pink beads produced an average calculated b = 3.2±0.4 and E = (0.241±0.007) eV
for the original glow-curves and b = 3.18±0.2 and E = (0.235±0.01) eV for the
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Bead
Colour
Glow-
curve
Robust Type
Average
None Bi-square LAR
E b E b E b E b
Pink
Original
0.241
± 0.006
3.2
±0.4
0.242
±0.008
3.2
± 0.4
0.240
±0.006
3.1
± 0.3
0.241
± 0.007
3.2
± 0.4
Smooth
0.24
± 0.01
3.2
± 0.2
0.24
± 0.01
3.2
± 0.2
0.23
± 0.01
3.2
± 0.2
0.240.01
±
3.2
± 0.2
Red
Original
0.28
± 0.003
5
± 2
0.24
± 0.09
3
± 4
0.30
± 0.04
6
± 1
0.27
± 0.07
5
± 3
Smooth
0.23
± 0.02
3.1
± 0.3
0.23
± 0.02
3.1
± 0.5
0.23
± 0.02
3.1
±0.6
0.23
± 0.02
3.12
± 0.5
Topaz
Original
0.31
± 0.07
7
± 3
0.3
± 0.2
3
± 7
0.3
± 0.1
3
± 5
0.3
± 0.1
4
± 5
Smooth
0.22
± 0.3
2
± 2
0.22
± 0.03
2
± 1
0.22
± 0.03
2.2
± 0.9
0.221
± 0.03
2
± 1
Yellow
Original
0.26
± 0.05
3
± 2
0.23
± 0.07
2
± 2
0.25
± 0.06
3
± 2
0.25
± 0.06
3
± 2
Smooth
0.26
± 0.02
3.3
± 0.9
0.26
± 0.01
3.0
± 0.6
0.25
± 0.01
2.9
± 0.5
0.26
± 0.02
3.1
± 0.7
Blue
Original
0.24
± 0.03
2
± 1
0.24
± 0.05
2
± 2
0.24
± 0.04
2
± 1
0.24
± 0.04
2
± 1
Smooth
0.25
± 0.02
2.9
± 0.6
0.26
± 0.02
3.1
±0.7
0.26
± 0.02
3.1
± 0.5
0.26
± 0.02
3.0
± 0.6
Lilac
Original
0.5
± 0.3
20
± 20
0.7
± 0.4
20
± 20
0.6
± 0.4
20
± 20
0.6
± 0.3
20
± 20
Smooth
0.23
± 0.04
4
± 2
0.27
± 0.06
6
± 2
0.25
± 0.06
5
± 3
0.25
± 0.05
5
± 2
Rose
Original
0.24
± 0.02
3
± 2
0.24
± 0.02
3
± 1
0.24
± 0.04
3
± 2
0.24
± 0.03
3
± 2
Smooth
0.24
± 0.02
2.9
± 0.7
0.24
± 0.02
3.1
± 0.6
0.24
± 0.02
2.9
± 0.4
0.24
± 0.02
3.0
± 0.6
Frosted
Original
0.244
± 0.006
3.4
± 0.2
0.243
± 0.007
3.3
± 0.2
0.241
± 0.007
3.2
± 0.2
0.243
± 0.007
3.3
± 0.2
Smooth
0.245
± 0.002
3.5
± 0.07
0.245
± 0.001
3.5
± 0.01
0.245
± 0.002
3.5
± 0.1
0.245
± 0.002
3.5
± 0.1
Table 6.5: Activation energy, E, and order of Kinetics, b, calculated using the Kirsh
method for all bead colours irradiated to 1 kGy by the Alurtron source, with errors
calculated by the sum of squares due to error (SSE).
smoothed glow-curves. The activation energy, E, calculated for Pink beads does not
agree with that of the value calculated using the various heating rates method, in
spite of considering the uncertainty in both values; it is likely that this is due to
several possible contributing factors. The first factor could be that the glow-curves
used in each method are fundamentally different, due to a different dose and
radiation source, this could also cause a difference in the glow-peaks and their
convolution, ultimately altering the rise of the measured peaks. Secondly, the
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detecting range of the PMT has been altered due to the use filters for the Alurtron
source, for the Kirsh calculation method, this is likely to alter the shape of the
glow-curve as some TL recombinations may be significantly reduced due to the
transmittance of the filters used. To verify that the change in the calculated value of
E is due to one of these factors and not the method applied, a comparison of the
methods can be done when keeping all of these factors constant and ideally on an
isolated single peak from a deconvoluted glow-curve.
Frosted beads produced an average calculated b = 3.3±0.2 and E = (0.243±0.007) eV
for the original glow-curves and b = 3.5±0.1 and E = (0.245±0.002) eV for the smoothed
glow-curves. Similar to that of the Pink beads when compared to the beta irradiated
glow-curve analysis using the various heating rates technique, the calculated values
for E disagree despite the consideration of associated uncertainties.
The largest value for the order of kinetics, b, was that of the Lilac beads which
gave an uncharacteristically large value for the average of b = 44.1, with the values
gathered for the 5 glow-curves tested varying from 0.614 to 44.6, both of these extreme
values were calculated using an original glow-curve. In comparison with the analysis
using smoothed glow-curves for the same bead colour the range of b was found to vary
from 1.54 to 9.72. The largest variation in E was also for the Lilac beads for both the
original and smoothed glow-curves with ranges of 0.18 to 1.18 eV and 0.17 to 0.45 eV
respectively.
The most likely explanation for the large uncertainty in the values calculatd for
the Lilac is the more significant interference in the glow-curve due to noise. If the
variation were to occur just in the value of b across bead colours with reasonable
associated uncertainty, it could indicate a varying order of kinetics from bead to bead,
possibly due to the distribution of trapped electrons relative to recombination centres
and other potential traps. A variation of both E and b between different bead colours
could indicate that dopants are not uniformly spread this could affect the distribution
of electron traps and recombination centres from bead to bead, affecting the
facilitation of re-trapping and hence the order of kinetics.
It is likely that the smoothed data makes for more appropriate data for analysing
using the Kirsh method as the R2 values for all bead colours were ≥ 0.6115 (Lilac no
robust fit) with the exception of one Lilac glow-curve giving R2 of 0.4477. Lilac beads
were found to have the poorest R2 values of all colours, comparing the R2 values of
smoothed data (mostly ≥ 0.6115) to the R2 value of raw Lilac glow-curves (0.7324 ≤
0.1285) supports this suggestion.
For the smoothed glow-curve analysis a large variation in the Lilac beads was still
observed with values of b ranging from 2.89 to 9.78, with both the extremes in this
range calculated using no robust fit. One fit for LAR resulted in an infinite error and
poor R2 value, discounted from the average for that fit type. A variation in the value
of b was also observed for Topaz and Yellow beads, with an infinite error and R2 value
for a LAR fit, discounted from the average for that fit type. For the Yellow beads b
ranged from 2.19 (for LAR robust fit) to 4.62 (for no robust fit) and for the Topaz beads
b ranged from -0.356 to 4.24 (both for no robust fit).
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6.1.3 Frequency Factor, s
6.1.3.1 Various Heating Methods
The frequency factor, s, can be determined by the intercept term (no units) of the plot
for the calculation of E, Figures 6.3a & 6.3b, using Equation 4.1, with the values and
their confidence displayed in Table 6.6.
Weighting of errors
x y Average
Fit 5% 95% Fit 5% 95% Fit 5% 95%
Intercept
term 3.1 ±0.2 4.4 0.3 3.2 ±0.7 1.1 5.7 3.2 ± 0.5 4.9 0.7
s factor
(s−1) 67 ± 5 903 29 60 ± 10 369 10 66 ± 9 9 1123
R2 0.958 0.963 0.961
Table 6.6: Frequency factor, s, using the intercept term (no units) calculated from the
first order method. With the error cacluated by the SSE standard estimated error
associated with the fit function in MATLAB.
Using this technique s is calculated to be 66.1 ± 0.9 s−1. Studying the range of
possible values in the confidence bounds displayed in Table 6.6, it is clear that there is a
large possible range of values using the Various Heating Rates method for determining
s. Also reviewing the literature this value does not agree with the expected value for
s, of the order of 105 - 1013 (Chen et al., 1981), as discussed in Section 2.3.4.1.
6.1.3.2 Conditions at Maximum
s can also be calculated by using the conditions at the maximum and calculated in
the general order case using Equation 2.55 and considering the relation of s = s"nb−10 .
This expression can be simplified to a first order equation, where b=1, using the first
order equation and the data used for the Various Heating Rates method, s for different
heating rates was calculated using the activation energy, E, calculated in Section 6.1.2.
Variable
(units)
Heating rate, β,
(◦Cs−1)
1 2 5 7 10
TM
(◦C) 222 231 259 271 287
s
(s−1) 5.38×10
8 8.40×108 1.11×109 1.23×109 1.35×109
Table 6.7: Values of the pre-exponential factor s, calculated assuming first order
kinetics.
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The average value of s was calculated to be (1.01 ± 0.03)×109 s−1 from the values
calculated in Table 6.7, with the main source of error coming from the T2M term.
Considering the error in the mean across the averaged data, gives a larger
uncertainty of ±0.06×109 s−1. It is likely that deconvolving of the glow-curves to be
analysed as individual glow-peaks would improve the calculation of the frequency
factor by using the various heating rates method. Another source of error in the
calculation of s could result from a not entirely linear heating rate aplied to the
dosemeter (Chen, 1976).
6.2 Homogeneity
The importance of a homogeneous batch of TLDs has been previously discussed in
Section 2.4.1.1. Studies of similar beads conducted by Jafari et al. (2014a) show a
variation of TL response of ± 7 % from the mean for “icy white" beads, with “icy white"
beads being the bead colour that produced the largest TL response.
The homogeneity of other TLD materials are shown to have variations in TL
response on similar orders of magnitude; studies for TLD-100 chip homogeneity with
dose for the order of mGy showed a range for the percentage variation with the
variation in dose and dose depth, with the largest percentage variation was reported
as ± 5% (Waqar et al., 2017), with studies by Sadeghi et al. (2015) studying
reproducibility of LiF, Mg and Ti TLD-100 chips resulting in variations up to 4.67 %
in dosimetry calculations and 5.13 % in the work of da Rosa et al. (1999).
The homogeneity of the Toho Japan beads was achieved by calculating the average
variation in the mean TL response, using data from 2 batches of 18 doses and 12
batches of 5 doses resulting in a total of 96 TL variation values for each bead colour.
The results of these calculations are displayed in Table 6.8 with the error calculated
using the error in the mean, displayed in an absolute value and % of the average
variation in mean TL response.
Pink beads have shown the smallest variation in the TL response with a ± 4.24 %
variation about the mean value, closely followed by Frosted beads with a ± 4.86 %
variation. Taking into account the error in the mean the Pink beads showed a
marginally more consistent variation about the mean in each of the 96 tested samples
than the Frosted beads. Both Pink and Frosted beads display homogeneity similar to
that of currently used TLDs such as TLD-100 chips (da Rosa et al., 1999; Sadeghi et
al., 2015; Waqar et al., 2017). Red, Topaz and Yellow beads also showed homogeneity
values comparable to those in literature, especially when including previous studies of
glass beads from different manufacturers (Jafari et al., 2014a). However, the
consistency across different doses and batches was less accurate than that of the Pink
and Frosted beads, see Table 6.8.
Blue beads seemed to show a consistent variation about the mean though this is
quite a large variation calculated to be ± 20.3 %. Rose beads also showed a relatively
large variation of ± 16.1 % and less consistent than the blue beads. The beads with
the largest variation from the average TL response were the Green and Lime beads
calculated to be ± 51.7 % and ± 47.0 % respectively. The error in the mean shows that
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Bead Colour
Homogeneity (%)
Average Variation in
Mean TL response Error in Mean
Error in Mean
as a Percentage
Pink 4.24 0.0423 0.999
Red 6.62 0.204 3.08
Topaz 8.23 0.178 2.16
Yellow 6.82 0.191 2.79
Lime 47.0 0.767 1.63
Green 51.7 0.742 1.44
Blue 20.3 0.187 0.923
Lilac 11.0 0.167 1.51
Rose 16.1 0.413 2.57
Frosted 4.86 0.0508 1.05
Table 6.8: Homogeneity calculated using data from all doses from all 14 batches
irradiated by the Alurtron irradiation source. Error clculated by the error in the mean
across all 96 data sets of TL variation for each bead colour.
the TL variation for both of these bead colours was consistently large in the sample set
of 96 TL variation ranges.
6.3 Variation in Bead Type
6.3.1 Bead Colour
Experiments have consistently shown that beads producing the largest TL response
are Frosted beads and beads with colourless appearances, as shown by Tables 6.9 & 7.5
and Figures 6.9 & 6.1a. On the contrary Lime and Green beads show the poorest
TL response, so much so that the signal to noise ratio (SNR) is significantly low, see
Figure 6.8.
Consistent throughout all studies and across the whole selection of bead
manufacturers studied, Lime and Green beads show the poorest TL responses of the
colours tested. However, depending on the manufacturer, the ranking of bead colours
with the largest TL response changes, see Table 3.1, for X-ray irradiation results at
dose of 10 Gy. Across all doses for the Alurtron studies, using Toho Japan beads, the
bead colours with the highest TL response are the Frosted, Pink and Rose beads.
6.3.2 Bead Manufacturer
Primary experiments using beads produced by manufacturers Mill Hill (Japan) and
Toho (Czech Republic) have compared the TL response of a variety of bead colours for
an X-ray dose of 10 Gy can be seen in Figure 6.9 and Table 6.9.
The data displayed in the sixth column of Table 3.1 was calculated as the standard
deviation (stdev), as a percentage from the mean TL response values from irradiated
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Bead Type Photo
Diameter
(mm)
Average mass
normalised
TL response
(counts/mg)
Error in
mean
(%)
Error
in stdev
(%)
White (MH-F) 2.17 - 2.20 4.74 ×105 0.70 18.9
Clear Petite (MH-T) 1.58 - 1.63 4.48 ×105 0.30 7.8
Clear (MH-T) 2.17 - 2.20 3.77 ×105 0.88 24.7
White (To-F) 2.30 - 2.46 1.44 ×105 0.79 15.0
Pink (MH-T) 2.17 - 2.20 9.94 ×104 0.91 21.8
Clear Blue (To-T) 1.24 - 1.46 1.19 ×104 0.58 17.5
Blue (MH-T) 2.17 - 2.20 9.63 ×103 1.44 39.0
Red (MH-T) 2.17 - 2.20 8.48 ×103 0.10 2.6
Yellow (To-F) 2.30 - 2.46 8.45 ×103 0.75 21.7
Orange (To-F) 2.30 - 2.46 3.90 ×103 0.81 24.3
Light Bronze (MH-T) 1.58 - 1.63 3.76 ×103 0.35 9.1
Dark Blue (MH-T) 1.58 - 1.63 2.58 ×103 6.18 160.8
Red (To-F) 2.30 - 2.46 5.30 ×102 1.29 95.1
Blue (To-F) 2.30 - 2.46 1.93 ×102 2.91 2.9
Green (MH-T) 2.17 - 2.20 1.30 ×102 3.66 91.4
Maroon (To-F) 2.30 - 2.46 Difficult to decipher signal from noise
Green (To-F) 2.30 - 2.46 Difficult to decipher signal from noise
Table 6.9: Table of average mass normalised TL response for each bead type from
both manufacturers Mill Hill, Japan and Toho, Czech; ordered by descending mass
normalised average TL response, with stdev representing the standard deviation.
Uncertainty in diameter of beads ± 0.01mm, precision of digital caliper. F and T
correspond to the bead either being F-frosted or T-transparent.
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(a) (b)
Figure 6.8: Glow-curves for Green beads from different manufactures and doses. (a)
Mill Hill (Japan) at a dose of 5 Gy by Sr90/Y90 β source, minus background of planchet
infra-red signal. (b) Toho (Japan) irradiated by Alurtron source for a dose of 5 kGy,
using filters. For all glow-curves the blue line and axis represents the TL response of
the bed during heating and the orange line and axis represents the heat cycle used.
(a) Mill Hill Japan (b) Toho Czech Republic
Figure 6.9: Average Mass Normalised TL response for different coloured for 10 Gy
X-ray irradiation: (a) Mill Hill Japan and (b) Toho Czech Republic beads.
samples in readout - this being believed to best represent the bead homogeneity, with
the fifth column representing the error in the mean of the TL responses of the same
bead type as a percentage.
Comparing like for like beads; Frosted Mill Hill (Japan) beads produced a larger
TL response than Frosted Toho (Czech Republic) beads, although the Blue
transparent beads that produced the highest TL response were from Toho (Czech
Republic). Overall, it was found that the Mill Hill (Japan) beads produced a greater
TL response, this could be due to the finish of the majority of the beads. However, Mill
Hill (Japan) beads showed superior homogeneity within batches when produced and
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ordered in bulk.
6.4 Neutron Response
Preliminary experiments have been conducted to investigate the TL response of three
different coloured beads when exposed to thermal neutrons. The beads were readout
using the Risø TL/OSL system using the TL feature with two different heat cycles:
1. Maximum temperature 370 ◦C at heating rate of 10 ◦C/s, held at 370 ◦C for 10s.
2. Maximum temperature 400 ◦C at heating rate of 10 ◦C/s, held at 400 ◦C for 10s.
with the distribution of beads detailed in Table 6.10. One bead from each batch
was readout using a 400 ◦C heat-cycle in an attempt to keep the temperature increase
constant for the majority of the glow-curve produced.
Bead Colour Filters
No. of Beads
Max T 370 ◦C Max T 400 ◦C
Shielding No Shielding Shielding No Shielding
Pink None 4 4 1 1
Red 7.5 mm U340 4 4 1 1
Frosted None 3 4 1 1
Table 6.10: Bead quantities for each given experiment and bead colour.
Beads were first readout with no filters, however, the Frosted beads showed a
saturation in measured TL response, seen before with this detector in Section 3.3.0.1,
hence for these beads 7.5 mm U340 filters were used for the reading and no filter was
used for the Red beads during their readout.
It should be noted that the unshielded beads were briefly analysed by XRF, though
this exposure to x-rays is very small compared to the exposure they received during
irradiation.
6.4.1 Observations
Beads seemed to be a different colour (similar to the effect seen at kGy doses with the
Alurtron electron beam). These are displayed in Figures 6.10 & 6.11, showing some
darkening in all beads though difficult to see with the naked eye. It was clearest to see
when comparing to the control batch.
6.4.2 TL Response
The TL response is presented in two sections, to distinguish the results of the 370 ◦C
and 400 ◦C heat-cycle read-outs. When comparing results of different coloured beads,
it should be noted that the magnitude of the TL produced by the Red beads will be
larger than that of the Frosted and Pink beads due to the fact that the filters were not
used for the readouts of the red beads.
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Figure 6.10: Image of 370 ◦C beads
before readout.
Figure 6.11: Image of 370 ◦C beads
before readout, with light shone
directly on beads.
6.4.2.1 370 ◦C Heat cycle
The results show that there is a small difference in the average TL signal of 3 or 4
beads for beads that had shielding when comparing them to those with no shielding.
This is more apparent for the Pink beads, as seen in Figure 6.12. The error bars are
plotted to demonstrate the range of the TL signal produced with the upper and lower
bars representing the maximum and minimum TL signal produced in that batch of
beads.
Analysis of this data is shown in Table 6.11, with the error in mean calculated by
the standard deviation divided by the number of beads in the batch used for the mean
TL and converted to a percentage using the mean value. The variance in TL shows the
range of TL (max-min) as a percentage of the mean TL.
Bead Colour
No Shielding Shielding
TL response
(×107 no. of counts)
Variance
in TL (%)
TL response
(×107 no. of counts)
Variance
in TL (%)
Pink 2.9860 ± 0.0006 14.9 2.6445 ± 0.0005 7.67
Red 4.5789 ± 0.0007 10.4 4.6107 ± 0.0008 10.1
Frosted 3.9060 ± 0.0005 4.40 3.7869 ± 0.0009 11.6
Table 6.11: Summary of results for the beads readout using the 370 ◦C heat cycle, with
the error calculated as the error in the mean.
The average glow-curves for each colour bead have been calculated by taking the
average number of counts at each data point with the average control for each point
taken away. These are displayed in Figures 6.13-6.14.
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Figure 6.12: TL signal for shielded and not shielded beads heated with 370 ◦C heat
cycle.
Figure 6.13: Average glow-curve for the
Pink beads using the 370 ◦C heat cycle,
using 7.5mm U340 filter.
Figure 6.14: Average glow-curve for the
Frosted beads using the 370 ◦C heat
cycle, using 7.5mm U340 filter.
6.4.2.2 400 ◦C Heat cycle
Only one bead for each colour was used for this study as this was an aside to see
whether a final temperature of 400 ◦C would capture the majority of the glow-curve
produced. For the 400 ◦C heat cycle studies the same filter settings were applied to
beads as in the 370 ◦C heat cycle studies, the only difference being that the heat was
increased for a longer period of time up to a maximum temperature of 400 ◦C and held
for 10 seconds. The change to constant temperature and change in the data acquisition
profile of the Risø TL/OSL reader can be seen in Figures 6.16 - 6.18 by the shoulder
that occurs.
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Figure 6.15: Average glow-curve for the Red beads using the 370 ◦C heat cycle, no
filters.
Figure 6.16: Average glow-curve for the
Pink beads using the 400 ◦C heat cycle,
using 7.5mm U340 filter.
Figure 6.17: Average glow-curve for the
Frosted beads using the 400 ◦C heat
cycle, using 7.5mm U340 filter.
Comparing Figures 6.16 & 6.17 shows that the Frosted beads show a slightly larger
TL signal than that of the Pink beads and (when considering the effect of the U340
filters used), significantly larger than that of the Red beads. These results agree with
those shown in the first section for the 370 ◦C heat cycle studies.
Also similar to the results from the previous section is the slightly larger TL
response for the Frosted and Pink beads for beads with no shielding when compared
to those with shielding. The Red beads showing an opposite response; the shielded
beads producing a larger TL response than those with no shielding.
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Figure 6.18: Glow-curve for the Red bead using the 400 ◦C heat cycle, no filters.
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Chapter 7
Thermoluminescent Dosimetry
Studies
This chapter discusses the key results and significant observations of the
thermoluminescent dosimetry studies, including fading and residual dosimetry,
possibilities for future work are also presented. The studies in this chapter either use
the Risø Sr90/Y90 β source in the Risø TL/OSL reader, or the high energy electron
beam, Alurtron, irradiated by The Malaysian Nuclear Agency. Studies using the Risø
Sr90/Y90 β source include two bead manufacturers for investigations into dose
response on the order of Gy and fading over a period of 72 hrs after irradiation. The
studies conducted to beads irradiated by the Alurtron source are detailed in Table 7.1,
including dose response, fading and residual dosemetry studies.
Study Type
Batch Name
Linearity
(no. of doses)
Fading, ts,1
(time period)
Residual, ts,2
(time period)
Reproducibility
(batch name)
A-1 5 Preliminary data E
A-2 5 4 months 1 week F
A-3 5 8 months 1 week 7
A-4 5 12 months 1 week 7
A-5 5 16 months 1 week 7
B 5 1 week 5 weeks G
C 18 7 1 month 7
D 18 6 months after irradiation 1 month 7
E 5 3 weeks after irradiation 7 Originally A-1
F 5 3 months after irradiation 7 Originally A-2
G 5 3 weeks after irradiation 7 Originally B
H 5 3 month residual fading 7
J 5 6 month residual fading 7
K 5 9 month residual fading 7
L 5 12 month residual fading 7
Table 7.1: Table detailing the studies corresponding to each batch in the Alurtron
studies, with corresponding batch details displayed in Table 7.2.
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The details of readout and irradiation for the correlating batches is presented in
Table 7.2, comparing these details with those in Table 7.1 gives the comparison of data
for different TL studies. For example, batch A-2 consists of a dose response study for
5 doses as well as; the data being used in the 16 month fading study along with batch
A-3 to A-5 and B data; comparing the ts,2 with the ts,1 data for residual studies and
re-irradiating batch A-2 and relabelling as bactch F for reproducibility studies.
Key Batch Dates
Batch
Name
Doses (kGy)
No.
doses
Irradiation 1st readout 2nd readout
A-1 1 ,5, 50, 150, 250 5 01/09/17 19-22/09/17
A-2 1 ,5, 50, 150, 250 5 01/09/17 10-11/01/18 17-18/01/18
A-3 1 ,5, 50, 150, 250 5 01/09/17 15-16/05/18 21-22/05/18
A-4 1 ,5, 50, 150, 250 5 01/09/17 05-06/09/18 12-13/09/18
A-5 ,5, 50, 150, 250 5 01/09/17 9-10/01/19 16-17/01/19
B 1 ,5, 50, 150, 250 5 01/12/17 8-10/01/18 15-16/05/18
C
1, 2.5, 5, 7.5, 10,
25, 30, 40, 50, 60,
75, 100, 125, 150,
175, 200, 225, 250
18
30/05/18 -
1/05/18
25-29/06/18 23-27/07/18
D
1, 2.5, 5, 7.5, 10,
25, 30, 40, 50, 60,
75, 100, 125, 150,
175, 200, 225, 250
18
30/05/18 -
1/05/18
19-21/11/18 17-20/12/18
E 1 ,5, 50, 150, 250 5
30/05/18 -
1/05/18
18-19/06/18 7
F 1 ,5, 50, 150, 250 5
30/05/18 -
1/05/18
10-11/09/18 7
G 1 ,5, 50, 150, 250 5
30/05/18 -
1/05/18
20-21/06/18 7
H 1 ,5, 50, 150, 250 5
30/05/18 -
1/05/18
10-11/07/18 15-16/10/18
J 1 ,5, 50, 150, 250 5
30/05/18 -
1/05/18
11-13/07/18 15-16/01/19
K 1 ,5, 50, 150, 250 5
30/05/18 -
1/05/18
16-17/07/18 15-16/04/19
L 1 ,5, 50, 150, 250 5
30/05/18 -
1/05/18
17-18/07/18 16-17/07/19
Table 7.2: Table detailing the doses and readout dates of each batch in the Alurtron
studies, with corresponding studies detailed in Table 7.1.
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7.1 Response as a Function of Dose
This section presents results as a function of increasing dose for different batches of
beads under different conditions and how this effects the Mass Normalised TL response
measured, for both Beta and the Alutron irradiation sources.
7.1.1 Beta
7.1.1.1 Mill Hill, Japan
The study of the TL response for different coloured beads with increasing dose showed
a strong linear correlation for all coloured beads, except green, as shown in Figs. 7.1a
& 7.1b. There is a strong linearity for the Red, Clear, Frosted, Clear Petite and Pink
beads shown for doses 5 to 20 Gy, as shown by Figure 7.1a, with coefficients and
errors displayed in Table 7.3, and R2 values of 1.000, 0.997, 0.996, 0.995 and 0.997
respectively.
(a) Clear, Frosted, Clear Petite and Pink (b) Red, Light Bronze, Drak Blue, Blue, Green
Figure 7.1: Graph displaying linear dose response for beads, irradiated with Sr90/Y90β
source, producing comparatively high TL response, readout using the Risø TL/OSL.
Error bars calculated by using the error in the mean.
The dose response of the remaining colours of silica beads is displayed in
Figure 7.1b, showing comparatively lower mass normalised TL responses to the pink
and colourless beads, however almost all beads show linearity at this dose range for
beta irradiation with the exception of green beads. The blue, red, light bronze and
dark blue beads show a linear response to an increase in the dose received and display
reasonable R2 values to the lines fitted, displayed in Table 7.3. The green beads do not
show the linear response as they produce a poor TL response at 5, 10 and 15 Gy with
a low signal to noise ratio; the data point at 20 Gy has a large uncertainty in the value
due to the difficulty in determining TL signal from raw data. It is suggested that the
poor TL response acquired from the green coloured beads is related to
self-attenuation.
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Bead Colour
Coefficient
R2 Value
υ1 (counts
mg−1 Gy−2)
υ2 (counts
mg−1 Gy−1)
υ3 (counts
mg−1)
Clear
-180
± 40
10000
± 1000
-30000
±6000 0.997
Frosted
-200
± 50
11000
± 1000
-34000
± 8000 0.996
Clear Petite
-100
± 50
10000
± 1000
-23000
± 9000 0.995
Red
-1.9
± 0.2
170
±5
-120
± 20 1.000
Pink
-14
± 7
1300
±200
-3100
±1000 0.997
Light Bronze
0.1
± 1.1
60
± 30
50
± 100 0.990
Dark Blue
1.6
± 0.2
-12
± 5
370
± 20 0.998
Blue
-1.8
± 0.5
210
± 10
-70
± 80 0.999
Green
22
±5
-400
± 100
1600
± 600 0.992
Table 7.3: Fit coefficients and R2 values for applying a weighted linear fit to the data
of the different beads as displayed in Figs. 7.1a & 7.1b. Weights calculated by the error
in the mean.
The y-intercepts of the trend lines fitted to the data in Figs. 7.1a & 7.1b range
between 1600 and -340000, with all of the beads showing a high TL response per mg
with an interception on the axis of TL response less than zero, this could be evidence for
a lower detection limit for TL response to beta decay in these beads, but more directly
a result of statistical uncertainty at low dose.
The results from all coloured beads, except green, demonstrate that the silica
beads have potential to be used for applications of treatment using beta emitters as
dosemeters, particularly for such treatment techniques as in-stent restonesis (Morino
et al., 2002).
7.1.1.2 Toho, Japan
The beta linearity experiment was repeated with Pink Toho Japan beads, for which
the glow curves for each dose can be found in Figure 7.2, these glow-curves have the
average planchet counts for each data point subtracted in an attempt to get a clearer
and more complete glow-curve when considering the infra-red contribution to the TL
response the planchets contribute at T > 300 ◦C.
As can be seen from Figure 7.2d, the 20 Gy beads show different responses, for bead
1 it was observed that the background was significantly higher at the start of the glow-
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curve recording. A possible explanation for the different response for bead 4 could be
due to the planchet position of the bead in the carousel during irradiation. Considering
these effects the 20 Gy TL responses were taken from beads 2, 3 and 5.
(a) 5 Gy (b) 10 Gy
(c) 15 Gy (d) 20 Gy
Figure 7.2: Toho, Japan, glow-curves for β irradiation using Sr90/Y90 source.
Data for all doses was analysed using a weighted 2nd order polynomial in MATLAB
and is displayed in Figure 7.3a, with the error calculated as the error in the mean. The
calculated percentage error in the coefficients was calculated to be 8.6 %, 8.3 % and
9.6 % for υ1, υ2 and υ3 respectively. For both fits of the selected data the adjusted R2
value is calculated as 1.00, though it should be noted that the validity of this fit should
be tested with more data points in this range to verify the goodness of fit as the number
of data points is only one more than the number fo coeeficients in the fit applied.
In the first data set the total TL response taken for each glow-curve was for the
entire data collection, unlike the study for the Mill Hill beads that had a cut-off when
the maximum temperature, T f , had been reached. To compare alike data the linearity
was also studied for TL response up to T f with the resulting fit displayed in
Figure 7.3b.
The errors in the data displayed in Figure 7.3b are evaluated using the same
technique as for the entire glow-curve, data displayed in Figure 7.3a. It can be seen
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(a) All data. (b) Data up to T f .
Figure 7.3: Weighted linear fits for for different data selection used to evaluate the
Average Mass Normalised TL response as a function of dose. Resulting coeffecients
and R2 values recorded in Table 7.4.
Data Selection
Coefficient
R2 Value
υ1 (counts
mg−1 Gy−2)
υ2 (counts
mg−1 Gy−1)
υ3 (counts
mg−1)
All (7.0 ± 0.6) ×104 (2.4 ± 0.2)×106 (8.3 ± 0.8)×106 1.00
Up to T f (7.0 ± 0.6) ×104 (2.4 ± 0.2) ×106 (8.3 ± 0.8) ×106 1.00
Table 7.4: Coefficients and R2 values for fits displayed in Figures 7.3a & 7.3b.
Uncertainty in the coefficients calculated from the standard estimated error.
from studying the uncertainties in Table 7.4, that the overall uncertainty in the
coefficients is smaller for the T f data set, though this gives a very slightly poorer
agreement in the fit applied, as the R2 value is smaller.
7.1.2 Alurtron
Three main correlations between the Mass Normalised TL response and dose have
been identified from these studies; the first showing a plateau in the Mass
Normalised TL response with increasing dose, the second showing a maximum in the
Mass Normalised TL response thereafter showing a decreasing Mass Normalised TL
response with increasing dose, and the third showing no correlation at all due to poor
TL output. In the dose range of 1 kGy - 100 kGy investigated by Moradi et al. (2018)
for a variety of silica fibres, it appears that most bead colours produce similar
correlations of TL response as a function of dose.
Figures 7.4 & 7.5, displaying Mass Normalised TL response as a function of dose,
are fitted with the weighted fits as defined in Chapter 4, with coefficients recorded in
Table 7.5, showing the shaded 5-95% confidence bounds enclosed by dotted lines and
the weighted best fit displayed as the solid line. Table 7.5 shows the corresponding
coefficients for the fits of the curves using Equations 4.13 & 4.14 for each of the Mass
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Normalised TL response (counts mg −1) as a function of dose (kGy) plots. All coefficients
obtained using the fitting technique explained in Section 4 showed p-values ¿ 0.05
with the exception of the Blue linear fit for decreasing Mass Normalised TL response.
Bead
Colour
Peak
Dose
Fit Coefficient
R2
Value
A B G H
Exp Lin
(kGy)
(mg
counts−1) (kGy
−1)
(mg counts−1
kGy−1)
(counts
mg−1) Exp Lin
Pink 50
(
1.26
± 0.02
)
×107 -0.14± 0.01
(
-2.2
± 0.2
)
×105
(
1.34
± 0.03
)
×107 0.978 0.930
Frosted 50
(
1.87
± 0.03
)
×107 -0.16± 0.01
(
-4.1
± 0.4
)
×104
(
2.05
± 0.05
)
×107 0.980 0.937
Yellow 100
(
1.52
± 0.02
)
×105 -0.086± 0.005
-140
± 30
(
1.73
± 0.06
)
×105 0.987 0.789
Rose 50
(
3.9
±0.1
)
×105 -0.08± 0.01
-260
± 90
(
4.0
± 0.1
)
×105 0.979 0.450
Topaz N/A
(
1.59
±0.01
)
×105 -0.038± 0.002 N/A N/A 0.976 N/A
Lilac N/A
(
1.38
± 0.02
)
×104 -0.036± 0.002 N/A N/A 0.967 N/A
Red N/A
(
1.56
± 0.02
)
×105 -0.055± 0.004 N/A N/A 0.945 N/A
Blue 100
(
2.20
± 0.07
)
×105 -0.052± 0.007
-200
± 100
(
2.6
±0.2
)
×105 0.908 0.219*
Table 7.5: Table detailing the fit applied to each data set of Mass Normalised TL
response as a function of dose for each colour of bead that showed a suitable correlation
to be fitted (excluding Lime and Green beads), in order of best fit (largest R2 value).
R2 value for each fit applied to each data set of Mass Normalised TL response as a
function of dose for each colour of bead, with Exp corresponding to Exponential fit with
coefficients A and B and Lin corresponding to Linear fit with coefficients H and G. The
error displayed was cacluated by the SSE standard estimated error associated with the
fit function in MATLAB. ? P-Value for coefficient c> 0.05 suggesting other possible fits
to the data. * Poor Adjusted R-square Value due to a large p-Value for coefficient G,
considering all data from 100 kGy to 250 kGy.
Coefficient A (counts mg−1) gives the value at which the Mass Normalised TL
response will plateau when applying the fit as in Equation 4.13, and B (kGy−1) giving
the rate at which the Mass Normalised TL response will exponentially reach the
plateau as given by coefficient A. For the linear fits using Equation 4.14, coefficient G
(mg counts−1 kGy−1), represents the rate at which the Mass Normalised TL response
decreases with increasing dose and H (counts mg−1) is a constant applied to fit to the
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(a) Red (b) Topaz
(c) Lilac (d) Rose
Figure 7.4: Mass Normalised TL response (counts/mg) as a function of dose (kGy) for
(a) Red, (b) Topaz, (c) Lilac and (d) Rose beads, error bars calculated as detailed in
Chapter 4.
area identified as the turning point in the Mass Normalised TL response extrapolated
to a dose of 0 Gy.
The Red, Topaz and Lilac beads, Figures 7.4a, 7.4b & 7.4c respectively, show similar
TL responses as a function of dose, with evidence of a plateau in the TL response for
all doses exceeding ∼ 100 kGy. Most beads displayed different magnitudes of Mass
Normalised TL response as a function of dose, except for the Red and Topaz beads,
Figures 7.4a & 7.4b, showing very similar values for coefficient A indicating that the
Mass Normalised TL response that they plateau at is very similar, this is supported by
the coefficient values of A in the fits applied to theses data sets, with ∼ 1.5% difference
between the two values.
The rate at which Lilac beads approach the plateau in the Mass Normalised TL
response is very similar to that of the Topaz beads with a difference in magnitude of
the TL response. Though the Red and Topaz beads have similar magnitudes the rate
at which they approach the plateau region is slightly different, as observed with B
coefficients of -0.055438 and -0.037829 respectively, but have similar plateau value,
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Figure 7.5: Mass Normalised TL response (counts/mg) as a function of dose (kGy) for
Pink (× markers) and Frosted (* markers) beads; producing the highest TL responses.
Error bars calculated as detailed in Chapter 4.
suggesting that the dose at which the plateau occurs is different for different colour
beads. This also supported by the change in the dose used for the cut of for linear fits
applied for Blue and Yellow beads compared to the Rose, Frosted and Pink beads.
The beads that showed the largest Mass Normalised TL response as a function of
dose were the Pink, Frosted and Rose beads, shown in Figs 7.5 & 7.4d. For the bead
colours showing the higher TL responses there is also evidence of a maximum in the
TL response, suggesting saturation of the primary electron trap, after which the TL
response decreases with continually increasing dose.
The Blue and Yellow beads displayed a similar correlation, between TL response
and increasing dose, to that of the Pink, Frosted and Rose beads, however, beginning
to show a decrease in the TL response with increasing dose for doses > 100 kGy,
larger than the doses producing maximum TL response for the Pink Frosted and Rose
beads of roughly 50 kGy, see Table 7.5. The fit applied to the Yellow bead data shows a
better fit than that applied to the Blue beads, due to the scattering of data points for
doses > 100 kGy. To resolve the poor fit to the Blue beads decreasing Mass
Normalised TL response with increasing dose more measurements are required; in
previous studies (Ley et al., 2019.), Blue beads (from manufacturer Mill Hill, Japan)
have produced a poor TL response, investigations into the optical characteristics may
also account for the scatter of Mass Normalised TL response at doses > 100 kGy.
The remaining beads investigated were the Green and Lime coloured beads which
both produced very little TL response at any dose, particularly compared with the TL
responses of all other beads. As seen from Figure 7.7 there is little to no correlation
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Figure 7.6: Mass Normalised TL response (counts/mg) as a function of dose (kGy) for
Blue (* markers) and Yellow (× markers) beads, error bars calculated as detailed in
Chapter 4.
between the TL response and the increasing dose, consistent with previous studies
using Sr90/Y90 β source, hence no attempt was made to fit the data.
Figure 7.7: Mass Normalised TL response (counts mg−1) as a function of dose for Lime
(solid light green line) and Green (dashed black line) beads, producing the poorest TL
response. Lines are used for illustrative purposes only to differentiate between the two
data sets. Error bars calculated as the error in the mean.
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7.1.2.1 Glow-peak Ratios
Observed in previous studies, Section 6.1, is the presence of two glow-peaks in the glow-
curves of some coloured beads for Alurtron irradiations, the most prominent observed
for Red beads. This Subsection investigates the ratio of the relative intensity of the
glow-peaks of Red beads and how this changes with increasing dose. As the glow-
curves have not undergone deconvolution the findpeaks function in MATLAB was
used to identify the two main peaks in a glow-curve for a given dose, this was limited
to doses ≥ 30 kGy as the 2nd peak was encompassed by the tail of the 1st peak for doses
< 30 kGy.
The TL response of the 1st peak was divided by that of the 2nd in order to
determine the ratio of the two after the glow-curve had been smoothed, code used in
Appendix C.1.1.1. Ratios as a function of dose are plotted in Figure 7.8, by a weighted
exponential decay defined by Equation 4.16, errorbars were calculated by the error in
the mean and used as the weights.
R(D)=φ1 exp(−φ2×D)+φ3 (4.16)
R(D)=Φ1×DΦ2 +Φ3 (4.17)
where R(D) is the ratio between the 1st and 2nd peak as a function of D the dose
and φ1, Λ, φ2, Φ1, Φ2 and Φ3 are constants. Coefficients were calculated as well as
their uncertainty by the Standard Estimated Error (SSE), for the data fitted with
both weighted fits. When comparing the fits displayed in Table 7.6, the exponential
fit, Figure 7.8, produced coefficients with the smallest uncertainty φ1 = (0.86±0.05),
Λ = (-0.01806±0.002) kGy−1 and φ2 = (0.99±0.01), where as the power fit produced
Φ1 = (5±1), Φ2 = (-0.51±0.09) kGy−1 and Φ3 = (0.71±0.08). However, the power fit
showed a larger R2 value of 0.9933, compared to that of the exponential decay fit with
an adjusted R2 value of 0.9882.
Fit Coefficient Value (%) R2
Exponential
φ1 0.86 ± 0.05
0.9882Λ 0.018 ± 0.002
φ2 0.995 ± 0.005
Power
Φ1 5 ± 1
0.9933Φ2 0.51 ± 0.09
Φ3 0.71 ± 0.08
Table 7.6: Exponential and logarithmic it coefficients and associates uncertainties and
R2 values.
The φ2 coefficient of the exponential decay fit predicts a plateau at a ratio of 0.9947
for the current dose range and heat-cycle used for readout. However, this is likely to
change if higher doses were investigated or different heat-cycles used in the read-out
as a more complete 2nd glow-peak would be recorded and higher doses and readout
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temperatures could lead to more recombination processes and hence more TL glow-
peaks.
Figure 7.8: Ratio between the maximum TL response of the two glow-peaks in Red
glow-curves, as a function of the increasing does, fitted with an exponential decay.
Error bars calculated as the error in the mean.
The behaviour of each glow-peak was also plotted as a function of increasing dose,
with fits plotted in Figure 7.9 and coefficients presented in Table 7.7. Comparing the
two graphs it is clear to see that at the dose that produces the maximum TL for the
1st peak, 100 kGy, the TL response for the second peak is still increasing slightly. This
could give an insight into why certain bead colours appear to produce a decreasing TL
response after specific doses.
Though most of the coefficients of these fits have reasonable uncertainty, it is
important to consider the evaluation of the data sets. Only the partial dose range
(doses ≥ 30 kGy) of that for the overall TL response is studied, as well as the selection
of the maximum TL response of two glow-peaks as the glow-curve has not been
decovoluted. These estimates are likely to affect the values of the coefficients
presented for these fits and the respective uncertainty in the calculated values.
The 1st peak shows the same behaviour as Yellow and Blue beads when fitting the
overall TL response, Figure 7.6, fitted with Equations 4.13 & 4.14. The maximum in
TL response seems to occur at 100 kGy for the 1st peak, the same Peak dose as for
Blue and Yellow beads for the overall TL response. Studying the coefficient values in
Table 7.7, BP can be considered the same as the value calculated for B of the overall
TL response for Red beads in Table 7.5, as the percentage difference in values, 0.6 %,
is within the uncertainty in the calculated coefficients.
However, the 2nd peaks show an exponential in the form of Equation 4.13, this
follows the same fit that the Red beads demonstrate for the overall TL response, in
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(a) 1st Peak (b) 2nd Peak
Figure 7.9: Peak Height correlation as a function of dose for (a) 1st Peak and (b) 2nd
Peak of the glow-curve of Red beads.
Peak No.
Coefficient
R2
Value
AP BP GP HP Exp. Lin.
1
(
1.8
± 0.1
)
×104 -0.06±0.02 -13 ± 2
(
2.05
± 0.04
)
×104 0.223 0.851
2
(
1.753
± 0.008
)
×104 -0.0308± 0.0007 N/A 0.992 N/A
Table 7.7: Coefficiennts calculated for individual TL response for the two glow-peaks
fitted with weighted fits, weights calculated by the error in the mean.
the fits calculated in Table 7.5. Though the fit is similar there is a larger disparity
when comparing the values of B and BP , suggesting that the 2nd glow peak shows
a smaller rate of change with respect to dose when approaching the plateau. This
supports the theory that the 2nd glow-peak is a product of a less likely, or energetically
favourable, recombination process than that of the 1st glow-peak in the glow-curve and
is more likely to occur at higher doses. It is reasonable to suggest that the probability
of the 2nd recombination process occurring increases as the recombination centres that
facilitate the 1st recombination process reach saturation, as this likely to be the most
energetically favourable transition. Hence, the 2nd recombination process occurs more
frequently at a threshold population of the 1st glow-peak recombination centres.
7.2 Reproducibility
The reproducibility of beads at high doses was investigated by irradiating beads with
the Alurtron high-energy electron source. Beads that had already been readout were
annealed to then be irradiated and readout for a 2nd time, irradiated with the same
dose for both readouts, details shown in Tables 7.1 & 7.2.
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Two reproducibility studies, with different bead batches, were conducted with
different storagre times; the first ts =3 weeks and the second ts=3 months for both
irradiation cycles . The data for this study is presented by the percentage of the Mass
Normalised TL response the 2nd readout is of the 1st. The average percentage for a
specific bead colour and dose is taken from the single bead percentages as well as the
standard deviation, for a sample size of 5 beads.
Comparing the data for ts = 3 weeks and ts = 3 months, Table 7.8, it is apparent
that the 3 week delay produces a more uniform and reproducible TL response. For
all beads with ts =3 months irradiated with 5 kGy the 2nd readout cycle produced a
significantly larger TL response than that in the 1st readout cycle.
Bead
Colour
Average Mass Normalised TL response the 2nd readout
is of the 1st (%)
Dose (kGy)
Delay in readout, ts, (w=weeks or m=months)
1 5 50 150 250
3w 3m 3w 3m 3w 3m 3w 3m 3w 3m
Pink
102
± 3
92
± 3
95
± 1
121
± 2
89.9
± 0.7
77.5
± 0.8
87.9
± 0.7
78.3
± 0.7
92
± 2
77
± 1
Red
94
± 4
85
± 2
86
± 2
142
± 6
86.8
± 0.8
76
± 2
82.9
± 0.9
78
± 1
85
± 1
79
± 1
Topaz
97
± 6
96
± 4
109
± 2
240
± 10
100
± 2
90.6
± 0.5
94
± 2
86
± 1
94
± 1
87.5
± 0.8
Yellow
86
± 3
88
± 2
86
± 2
137
± 3
90
± 1
78.5
± 0.3
85.6
± 0.6
82.2
± 0.4
89
± 1
83.0
± 0.7
Lime
110
± 20
150
± 60
160
± 90
200
± 100
90
± 40
110
± 40
120
± 30
70
± 10
110
± 20
80
± 10
Green
160
± 60
160
± 60
300
± 400
300
± 100
100
± 100
300
± 400
200
± 50
130
± 50
160
± 50
120
± 20
Blue
94
± 3
95
± 4
83
± 6
140
± 20
340
± 20
69
± 3
70
± 2
57
± 3
71
± 3
65
± 8
Lilac
110
± 20
76
± 5
102
± 4
119
± 7
79
± 2
78
± 2
107
± 3
56
± 2
106
± 2
63
± 5
Rose
88
± 2
90
± 20
85.6
± 0.7
130
± 10
81
± 1
70
± 2
76
± 5
36.65
± 0.3
82
± 3
49
± 4
Frosted
96
± 1
88
± 3
92.3
± 0.6
116
± 2
89.9
± 0.5
71.3
± 0.8
89.88
± 0.8
71.3
± 0.4
90.4
± 0.5
80
± 3
Table 7.8: Average percentage and of original TL response with 3 week (3w) and
3month (3m) delay between readout and irradiation for both 1st and 2nd readout. The
displayed uncertainty is calculated by the standard deviation across each averaged
value.
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When studying the variation of TL response by comparing the values of the
standard deviation, Frosted beads were found to have the most consistent percentage
of TL response for the 2nd readout cycle for ts = 3 weeks; where as for the case of
ts = 3 months, Pink beads showed the most consistent percentage of TL response.
Beads that show reasonable consistency in the percentage of TL response are Rose,
Red, Yellow and Topaz beads. The variation in the TL response across the doses for
each colour is much greater for the 3 month delays than that for the 3 week delays in
readout. Though this could be corrected by more extensive investigation into this
effect on beads readout with a significant delay between irradiation and readout.
For Pink beads the TL response, considering the standard deviation, is almost
always lower for the second readout in the cycle, with the exception mentioned above
for all colours. It is also observed that ts = 3 week readout for the 2nd readout cycle
produces the largest percentage of TL response, again with the exception of the 5 kGy
response, with all other doses producing TL responses that are very similar in
percentage when considering the standard deviation.
Blue and Lilac beads show the largest change in percentage from the 1st readout
cycle with varying consistency in the standard deviation. These percentages do not
seem to show a correlation with an increasing dose. To determine whether a presence
of a correlation for Blue and Lilac beads exists a study with more doses would need to
be completed, firstly for a short ts period to minimise the probability of the change in
TL variation attributed to fading, see Section 7.3.
The Green and Lime beads showed a large increase in the TL response for both 2nd
readout cycles, though the large standard deviation shows that there is still a large
variation in the TL response after a single radiation exposure to the beads, suggesting
that the TL response has not been stabilised by use of secondary irradiation which can
be a desired effect of sensitisation.
Pink, Rose and Frosted beads show similar percentages as a function of dose
especially when considering the standard deviation, displayed in Figure 7.10.
Excluding the sharp increase in percentage for the 5 kGy response for ts = 3 months it
is feasible that the relationship could be the inverse of the fit applied to the TL
response as a function of does, Section 7.1, with an logarithmic decrease to a trough
dose, DT , and then a linear increase for doses larger than that of the trough dose,
defined by Equation 7.1,
f (D)= ρ1 ln(ρ2×D)+ρ3 , D ≤DT
f (D)= %1×D+%2 , D ≥DT
(7.1)
where ρ1, ρ2, ρ3, %1 and %2 constants, f (D) is the percentage of the 1st TL response
and D is the dose.
Red, Topaz and Yellow beads show some evidence that they could also follow this
correlation, this is particularly difficult to determine with the possible anomalous
result for the 5 kGy dose in the ts = 3 months study. To investigate and verify this fit
all bead colours would need to be tested again in a several cycle study with more doses
tested. It is also possible that the sharp decrease in the percentage is due to an power
correlation in the form
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(a) ts = 3 weeks (b) ts = 3 months
Figure 7.10: Correlation of percentage of TL response of 1st readout cycle by dose
for Pink, Rose and Frosted beads with storage period; (a) ts = 3 weeks and (b)
ts = 3 months. Error bars representing the standard deviation, visualisation of the
data displayed in Table 7.8.
f (D)=Φ1×DΦ2 +Φ3 (7.2)
where Φ1, Φ2 and Φ3 are constants, f (D) is the percentage of the 1st TL response
and D is the dose.
Evaluating the data set as a whole, the only consistent TL response larger than
that produced from the 1st readout cycle is the 5 kGy dose for ts = 3 months, showing
an overall decrease in the TL response after a dosemeter has previously received a
dose. This effect has been studied with LiF dosemeters with a primary dose and the
subsequent annealing and readout, though in these studies a decrease in the TL
response was seen by ten-fold Jain et al. (1975). It is also suggested in works by Chen
et al. (1981); McKeever (1985); Cameron (1968), that an initial dose can alter and
sometimes improve the sensitivity of the dosemeter in a process known as
sensitisation. An increase in TL is likely attributed to the first irradiation dose
forming colour centres in the glass bead increasing the trap population for TL to occur.
A study similar to those described by (Cameron, 1968) could be conducted to verify
and investigate this effect further; for each bead colour and multiple readings of the
same bead, with uniform time intervals between irradiation and readout respectively
and a variety of irradiation doses. This can also investigate the effect of the initial
radiation damage of the dosemeter, studying whether the TL response shows more
homogeneity in the readouts after the 2nd irradiation.
7.3 Fading
The widely observed fading phenomenon that occurs over the period of storage at
ambient temperature is a thermally-driven cascading (relaxation) process among the
166
electron traps. It is likely that the severity of the fading varies with bead colour. From
literature Kitis & Furetta (1997) fading of the total TL response, i.e. an integrated
glow-peak, is expected to follow an exponential decay.
7.3.1 Beta Sr90/Y90 Source
Figure 7.11: Typical glow-curves of a clear petite bead irradiated with a dose of 5 Gy
with increasing time between irradiation and read-out, indicated by the legend (in
minutes), with the black dashed line showing the heat-cycle of the read-out.
The fading of the TL response from the clear petite beads was studied by varying
the time between irradiation and read-out, relevant to the time scale of the applications
considered herein. During the delay in read-out, light-tight containment of the beads
was provided by retaining them in the Risø reader at room temperature. For the two
extremes of dose investigated, the beads were read out following a short delay time
(the order of two minutes) post-irradiation (excluding the quench time of the detector
as necessary in an applications procedure of readout) through to up to 70 hours. The
nature of the fading can be seen from Figures 7.11 & 7.12, displaying glow-curves of a
particular bead irradiated with 5 Gy and 20 Gy, respectively, for different time periods
between irradiation and readout. Figures 7.11 & 7.12 both show a sequential pattern
between the shape of the glow-curve and the time interval between irradiation and
read-out; with the shortest time interval between irradiation and read-out shown as
the outer glow-curve (largest peak) and the longer time intervals shown as the inner
glow-curves (smallest peaks).
The effect the fading had on the TL response of the beads for each dose, on average,
is displayed in Figure 7.13. The errors in the TL response per mg were taken as the
error in the mean of the TL response per mg response of each set of samples, the errors
being found to be between 1.04 % and 2.15 %. This error is suggested to be largely
representative of sample inhomogeneity across the range of beads used.
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Figure 7.12: Typical glow-curves of a clear petite bead irradiated with a dose of 20 Gy
with increasing time between irradiation and read-out, indicated by the legend (in
minutes), with the black dashed line showing the heat-cycle of the read-out.
Figure 7.13: Mass Normalised TL response, for both 5 Gy and 20 Gy, for increasing
time between irradiation and read-out. Errors calculated by the error in the mean of
the samples.
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It was found that the beads showed a fading of approximately 10 % of the TL
response per mg when comparing the immediate read-out and the 1 hour read-out.
These fluctuations appear to differ by comparable percentage errors in the mean of
the samples after 18 hours between irradiation and read-out. The data displays a
plateau in the percentage of fading after delaying the read-out by one day after
irradiation, as shown by Figures 7.14 & 7.15, this plateau occurring at approximately
17 % and 22 % loss of signal for 5 Gy and 20 Gy doses respectively. The errors
displayed in Figures 7.14 & 7.15 were calculated by taking the percentages of each
bead in each of the samples and then averaging across the percentage of the
immediate signal measured in comparison. These errors were measured to be É
1.3 %. A further study for 30 minute fading readout was repeated with varying times
between annealing and irradiation, to investigate the reproducibility of the TL
response for individual beads. The majority of beads showed a reproducibility on
average of 0.54 % of the average of the two TL responses, the largest being 1.01 %,
(with the exception of a bead showing a 6 % reproducibility due to abnormally large
background signal).
(a) 5 Gy (b) 20 Gy
Figure 7.14: The average percentage of TL response as a function of time (minutes)
compared to the immediate read-out, fitted with an exponential decay on a logarithmic
x-axis. Errors calculated by taking the percentages of each bead in each sample and
then averaging across the fading percentage of immediate TL response and relative
fading TL response.
The data of the 5 Gy and 20 Gy Mass Normalised TL response was found to be
best fitted by a logarithmic correlation, however, an exponential decay correlation also
fits the data and is expected when considering the literature (Kitis & Furetta, 1997).
Hence both exponential and logarithmic fits were applied to the data sets displayed in
Figures 7.14 & 7.15 respectively with the respective coefficients and R2 values
displayed in Tables 7.9 & 7.10. The fits applied can be defined as
TL%(ts)=ϕ1×exp(−Λts)+ϕ2 (7.3)
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(a) 5 Gy (b) 20 Gy
Figure 7.15: The average percentage of TL response as a function of time (minutes)
compared to the immediate read-out, fitted with an logarithmic correlation on a
logarithmic x-axis. Errors calculated by taking the percentages of each bead in each
sample and then averaging across the fading percentage of immediate TL response and
relative fading TL response.
TL%(ts)= ζ1 [ln(ζ2ts)]+ζ3 (7.4)
where TL% is the percentage of the TL response measured immediately after
irradiation (effectively t=0 s), ϕ1, ϕ2, ζ1, ζ2 and ζ3 are all constants and λ is the decay
constant of the fading.
Dose Exponential decay coefficients
R2 Value
(Gy) ϕ1 Λ ϕ2
5
0.21
± 0.02
0.005
±0.002
0.8
±0.02 0.916
20
0.27
± 0.03
0.006
±0.002
0.72
±0.02 0.929
Table 7.9: Table of coefficients and R2 values for the exponential decay fit applied to
the % fading displayed in Figure 7.14, for doses 5 Gy and 20 Gy.
Comparing the R2 values and uncertainty in the calculated coefficients for both fits
applied it is clear that the logarithmic fits produce a more accurate representation of
the data than that of the exponential decay, as the logarithmic fits gave R2 values of
0.995 and 0.993 for 5 and 20 Gy respectively, where as the exponential decay fits gave
R2 values of 0.916 and 0.929 for 5 Gy and 20 Gy respectively. The decay constant Λ
calculated for both doses were in agreement with each other and when considering the
uncertainty can be represented as Λ = (0.005 ± 0.002) s−1 and Λ = (0.006 ± 0.002) s−1
for 5 Gy and 20 Gy respectively.
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Dose Logarithmic coefficients
R2 Value
(Gy) ζ1 ζ1 ζ1
5
-0.0334
± 0.0009
0.0025
±0.0002
0.82300
± 0.00002 0.995
20
-0.041
±0.001
0.0035
± 0.0003
0.79800
±0.00003 0.993
Table 7.10: Table of coefficients and R2 values for the logar ithmic fit applied to the %
fading displayed in Figure 7.15, for doses 5 Gy and 20 Gy.
7.3.2 Alurtron Source
This section presents the results of the two fading studies, previously outlined in
Table 7.1, which took place over 16 months for 5 doses and over 6 months for 18 doses.
7.3.2.1 18 Doses over 6 Month Period
This study corresponds to batches C and D in Table 7.2, the first readout in the study
being that of batch C readout 3 weeks after irradiation, ts = 3 weeks, and the second
set of data obtained from batch D readout 6 months after irradiation, ts = 6 months.
Overall, the difference in storage time is 5 months, though both batches are
susceptible to fading due to the time of shipping the irradiated beads to the laboratory
to be readout.
The data was firstly analysed by dose with the TL response of ts = 6 months taken
as a percentage of the TL response of ts = 3 weeks, with data displayed in Table 7.11.
In this study the average percentage was taken across all doses with the standard
deviation and error in the mean calculated for all bead colours.
The TL responses for different bead colours were fitted with respect to dose, as done
in Section 7.1, using Equations 4.13 & 4.14, for the ts = 6 months readout. The data
for this analysis was applied to all beads except Green and Lime bead, as in the case
of Section 7.1, no correlation was observed with respect to the dose. The results for
these fits are displayed in Figures 7.17a to 7.17h, with corresponding fit coefficients,
uncertainties and R2 values in Table 7.12.
It was observed that the Lime and Green beads continue to produce poor TL
responses after ts = 6 months, Figure 7.16, and hence will be disregarded in the
fading study herein. Evaluating the remaining data presented in Table 7.11 shows
that the largest decrease in the TL response was observed for the Topaz beads,
57.71 % of the TL response of the ts = 3 weeks TL response, and the smallest decrease
for the Frosted beads, 80.67 %, when studying the average across all doses. The
variation in the percentage is very similar for all colours with Yellow and Lilac beads
showing the largest variation in the fading of the TL response across all doses.
Pink beads showed a better compliance to the exponential fit than Frosted beads
did, however, Frosted beads showed a better compliance to the linear fit applied.
Whereas, Frosted beads show the smallest uncertainty in all coefficients, except A,
when compared to Pink beads. The percentage change in Pink coefficients from the
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Figure 7.16: Mass Normalised TL response (counts mg−1) as a function of dose for Lime
(solid light green line) and Green (dashed black line) beads, producing the poorest TL
response. Lines are used for illustrative purposes only to differentiate between the two
data sets. Error bars calculated as the error in the mean.
ts = 3 weeks readout were calculated to be 26.45 %, 4.293 %, 41.85 % and 25.45 % for
A, B, G and H respectively.
For Frosted beads these percentage changes in the coefficients were calculated to
be 21.33 %, 8.250 %, 28.04 % and 1.964 %, for A, B, G and H respectively. Comparing
these percentage changes to those of the Pink beads it is clear that the linear fit of the
Frosted beads is effected less by the extended storage time than the pink beads. The
fading of the TL response in the exponential region shows a similar change in the TL
response at the plateau for Pink and Frosted beads, however the Frosted beads show
a larger change in the rate at which the plateau of the TL response is reached with
respect to dose.
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Applying the exponential and linear fit, as applied in Section 7.3, for Yellow, Blue
and Rose beads produced coefficients with P-values > 0.05 as well as poor linear fits
to the data. Hence, only the exponential fit was applied to these bead colours for the
storage time of ts = 6 months. It can be concluded that the fading effect has a greater
effect on the TL response of larger doses for Yellow, Blue and Rose beads, resulting
in the increased probability that these bead colours reach a plateau in TL response
with an increasing length of storage, ts. This could be due to the probability of the
filling of shallower traps from deeper, thermally inactive, traps that are not activated
in the readout. This would produce a relative increase in the population of shallower
thermally active traps relative to the probability of cascading at lower doses, resulting
in the overall plateau observed in Figures 7.17c, 7.17e & 7.17d. It may also be plausible
that higher doses have a greater population of deep traps hence the plateau in the
TL response and not a shallower linear decrease as observed in the fading of the TL
response in Pink and Frosted beads.
Bead
Colour
Peak
Dose
Fit Coefficient
R2
Value
A B G H
Exp Lin
(kGy)
(mg
counts−1) (kGy
−1)
(mg counts−1
kGy−1)
(counts
mg−1)
Frosted 50
(
1.47
± 0.02
)
×107 -0.147± 0.008
(
-2.9
± 0.3
)
×104
(
1.65
± 0.05
)
×107 0.989 0.894
Pink 50
(
9.2
± 0.1
)
×106 -0.129± 0.008
(
-1.3
± 0.2
)
×104
(
1.00
± 0.04
)
×107 0.991 0.732
Topaz N/A
(
9.3
± 0.1
)
×104 -0.036± 0.002 N/A N/A 0.992 N/A
Yellow N/A
(
1.10
± 0.01
)
×105 -0.063± 0.004 N/A N/A 0.987 N/A
Red N/A
(
1.14
± 0.02
)
×105 -0.045± 0.003 N/A N/A 0.981 N/A
Rose N/A
(
2.55
± 0.03
)
×105 -0.074± 0.009 N/A N/A 0.930 N/A
Lilac N/A
(
9.9
± 0.4
)
×103 -0.022± 0.003 N/A N/A 0.887 N/A
Blue N/A
(
1.58
± 0.04
)
×105 -0.040± 0.006 N/A N/A 0.789 N/A
Table 7.12: Table of coefficients and uncertainties of the fits applied to each bead
colour of TL response as a function of dose. Exp corresponds to Exponential fit, with
coefficients A and B and Lin corresponds to Linear fit, with coefficients G and H.
Ordered by fit and largest R2 value.
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(a) Pink (b) Frosted
(c) Yellow (d) Blue
(e) Rose (f) Topaz
Figure 7.17: Mass Normalised TL response as a function of increasing dose readout
after storage times, ts, of 3 weeks (Batch C) and 6 months (Batch D).
Topaz beads showed a percentage change in coefficient A of 41.28 %, which is
significantly larger than that of the other bead colours, this could suggest that the
Topaz beads are more susceptible to the fading effect than other bead colours. The
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(g) Lilac (h) Red
Figure 7.17: Mass Normalised TL response as a function of increasing dose readout
after storage times, ts, of 3 weeks (Batch C) and 6 months (Batch D).
change in coefficient B was calculated to be 4.284 % which is within the uncertainty of
the two coefficient values for the different readouts, indicating that the rate at which
the TL response changes with respect to the dose could be unaffected by the storage
period for ts ≤ 6 months for Topaz beads.
Comparing the results for Lilac beads Figure 7.17g, it is evident that fading has
occurred. The value of A has decreased by an order of magnitude with a percentage
change in A of 28.21 % and 41.36 % for B. Though the decrease in TL response is
similar to that of Red beads there is a significant change in the rate at which the TL
response approaches a plateau value with respect to dose.
Red beads show an improved R2 value to that of the 3 week readout with
comparable percentage uncertainties for both coefficients A and B. The percentage
changes in the coefficients are 27.42 % and 18.7 % for A and B respectively, as these
are outside the bounds of uncertainty it can be stated that these have changed due to
the fading of the TL response in the difference of 5 months for the storage period.
All of the percentage changes in A across the bead colours are of similar orders of
magnitude varying from 21.33 % for Frosted beads to 28.21 % for Lilac beads, with the
exception of Topaz beads, 40.45 %. Excluding the Topaz beads, this suggests that the
maximum TL response reduces by an average of 25.1 ± 0.9 %, when comparing beads
with the same fit for both readouts and 27.7 ± 0.7 % when comparing all bead colours,
with the uncertainty calculated as the error in the mean.
There is a greater variation in the percentage change in the coefficient B
indicating that the rate of change of TL response with respect to dose is dependent on
the bead colour. In extreme cases, the correlation of the TL response with increasing
dose changes from a linear decrease after the maximum TL response to a plateau
with extended storage periods, ts.
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7.3.2.2 5 Doses Over 16 Month Period
All batches with 5 doses were irradiated in September 2017, after the first set of
readouts gave impractical results, see Section 3.3.0.1, another batch was irradiated to
replace the first set of beads to be readout, irradiated in December 2017. This lead to
the first readout in the study being readout 3 weeks after irradiation (in January
2018), there after beads were readout after 4 month intervals since the first readout
for up to 16 months.
This study was conducted irradiating beads with 5 different doses and a set of
control beads of each colour, for each delay in readout. The results following are
shown in a bar chart format with the average Mass Normalised TL response grouped
as a function of dose with an increase in the delay between irradiation and readout, as
shown in Figures 7.18a & 7.18b. Figures for all of the colours in this study have been
added to the Appendix B. Studying the data presented in Figures 7.18a & 7.18b
suggest that a fit other than an exponential or hyperbolic fit, as observed in
literature (Kitis & Furetta, 1997) and previous studies, is needed. The difference in
the observed correlation for the total TL response of bead colours for different storage
times and doses, when compared to beta irradiation fading and Kitis & Furetta
(1997), could be due to the population of different glow-peaks in a glow-curve and how
these change over different ts periods.
(a) Pink (b) Red
Figure 7.18: The average Mass Normalised TL response for Pink and Red beads as a
function of dose and delay in readout from the time of irradiation. Errors calculated by
the error in the mean.
The correlation in the decrease in TL response as a function of delay time has been
analysed for each bead colour at each dose; the fits applied to this data set were a
2nd and 3rd order polynomial, Equations 4.20 & 4.21 defined in Section 4.4.2.2. The
coefficients for the fit are recorded in Table 7.13, with a visual display of the graph for
Pink and Red beads at 1 kGy shown in Figures 7.19a & 7.19b.
The data sets that showed the strongest agreement to the fit applied for all doses
were the Pink coloured beads, Table 7.13, with all R2 values > 0.96. Followed by the
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(a) Pink (b) Red
Figure 7.19: The average Mass Normalised TL response for Pink and Red beads as a
function of delay in readout from the time of irradiation, for 1 kGy. Errors calculated
by the error in the mean, shaded areas represent the 5-95% for agreement to the model
fitted to the data with the dashed lines representing the upper and lower bounds.
Frosted beads with all R2 values > 0.85 with the exception of the 150 kGy dose for
fading.
The poorest agreement with the Lime and Green beads, as discussed previously
this is likely due to the significantly larger variation and overall poor intensity in the
TL response. Overall, the dose that showed the best fits to the increase in the delay
time was 1 kGy. Here the coefficient a (counts mg−1) represents the TL response at a
time of ts = 0 (A.U.) and b (counts mg−1 kGy−2) signifies the 2nd order rate of decrease
in TL response with respect to dose.
For all other bead colors there is a large range in the R2 values to fit the fading
for different doses, suggesting that this fit is incorrect for all bead or that a different
fading correlation occurs for different beads. It is possible that different bead colours
show different different fading correlations due to the fact that different activation
energies have been identified for different bead colours. This implies that a variety of
recombinations and hence different wavelengths of luminescence and trap life times
occur in beads of different colours; this would result in different fading correlations for
different bead colours. To appropriately identify the fading correlations for different
beads the fading studies would benefit from more readout intervals of ts for the studied
period.
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Bead
Colour
Dose (kGy)
Coefficient
R2 Value
Ω1
( counts mg−1 kGy−2)
Ω2
( counts mg−1)
Pink
1
(
1.93
± 0.03
)
×106
(
5.0
± 0.3
)
×103 0.986
5
(
8.3
± 0.1
)
×106
(
2.0
± 0.1
)
×104 0.983
50
(
1.61
± 0.03
)
×107
(
3.4
± 0.3
)
×104 0.979
150
(
1.32
± 0.03
)
×107
(
2.9
± 0.3
)
×104 0.962
250
(
1.11
± 0.002
)
×107
(
2.3
± 0.2
)
×104 0.973
Red
1
(
6.5
± 0.3
)
×103 18± 3 0.903
5
(
5.6
± 0.3
)
×104 220± 70 0.713
50
(
1.8
± 0.1
)
×105 500± 200 0.699
150
(
2.0
± 0.2
)
×105 600± 300 0.502
250
(
2.2
± 0.2
)
×105 700± 300 0.629
Topaz
1
(
1.9
± 0.2
)
×103 7± 3 0.568
5
(
2.3
± 0.2
)
×104 120± 40 0.664
50
(
1.6
± 0.2
)
×105 700 ± 300 0.520
150
(
2.1
± 0.2
)
×105 900 ± 300 0.634
250
(
2.1
± 0.2
)
×105 1.0± 0.4 ×10
3 0.560
Yellow
1
(
1.14
± 0.06
)
×104 32 ± 8 0.838
5
(
6.5
± 0.4
)
×104 190± 70 0.630
50
(
2.0
± 0.1
)
×105 600± 200 0.666
150
(
2.0
± 0.2
)
×105 600± 200 0.564
250
(
1.9
± 0.2
)
×105 600± 200 0.638
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Blue
1
(
2.4
± 0.2
)
×104 70± 20 0.694
5
(
9.3
± 0.5
)
×104 240± 80 0.681
50
(
3.1
± 0.2
)
×105 600± 200 0.593
150
(
4.2
± 0.4
)
×105 -300± 500 -0.169
250
(
4.1
± 0.3
)
×104 700± 400 0.354
Lilac
1
(
1.7
± 0.4 ×10
3
)
3
± 7 -0.250
5
(
1.855
± 0.3 ×10
4
)
90
± 30 0.630
50
(
3.9
± 0.5 ×10
4
)
110
± 70 0.301
150
(
8
± 1 ×10
4
)
400
± 200 0.314
250
(
4.8
± 0.5 ×10
4
)
100
± 60 0.267
Rose
1
(
4.0
± 0.1
)
×104 120± 10 0.952
5
(
2.8
± 0.1
)
×105
(
1.1
± 0.3
)
×103 0.811
50
(
8
± 2
)
×105
(
0.3
± 3.9
)
-0.331
150
(
1.2
0.2 ±
)
×106
(
1
± 2
)
×103 -0.153
250
(
7
± 1
)
×104
(
0.1
± 2.0
)
×103 -0.331
Frosted
1
(
3.2
± 0.6
)
×106
(
7.8
± 0.6
)
×103 0.976
5
(
1.35
± 0.01
)
×107
(
3.1
± 0.2
)
×104 0.988
50
(
2.36
± 0.07
)
×107
(
3.9
± 0.8
)
×104 0.851
150
(
1.90
± 0.06
)
×107
(
1.8
± 0.6
)
×104 0.641
250
(
1.53
± 0.2
)
×107
(
2.3
± 0.2
)
×104 0.973
Table 7.13: Coefficients for the fitting performed on residual TL response for
ts,2 = 1 week for fading for 3 weeks ≤ ts,1 ≤16 months time period, using Eqn. 4.20,
with units (counts mg−1) and (counts mg−1 kGy−2) for coefficients a and b respectively.
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The best fit for all bead types was achieved when applying the 3rd order polynomial
to the data sets, with exponential decays not aligning with the TL response of the entire
glow-curve at all. The fit applied to the fading needs to be investigated with more ts
intervals for readout as to give more reliability to the cubic fit used.
Bead
Colour
Coefficient
Dose (kGy)
1 5 50 150 250
Pink
ω1
Value -184.5 -295.6 -3901 -4524 -919.1
SEE (%) 141.7 624.8 5.591 19.46 247.1
ω2
Value -1578 -8524 6.970×104 9.361×104 -5963
SEE (%) 396.4 538.8 8.057 23.64 948.0
ω3
Value -1.021×104 -1.182×105 -7.424×105 -8.678×105 .-4.031 ×104
SEE (%) 405.8 252.8 5.410 16.61 934.3
ω4
Value 1.921×106 8.504×106 1.718×107 1.408×107 1.096×107
SEE (%) 3.890 4.244 0.4352 1.229 5.481
R2 0.9806 0.9679 0.9998 0.9972 0.9517
Red
ω1
Value -2.013 -30.01 -128.2 -178.2 -130.6
SEE (%) 3.171 19.94 24.21 23.59 16.24
ω2
Value 47.48 768.6 2979 4325 3229
SEE (%) 3.371 15.15 19.70 19.62 12.62
ω3
Value -486.4 -7813 -3.810×104 2.672×104 -3.094×104
SEE (%) 1.882 7.623 11.24 12.88 6.801
ω4
Value 7694 6.427×104 2.276×105 2.719×105 2.624 ×105
SEE (%) 0.2549 0.8708 1.843 3.008 1.021
R2 0.9999 0.9982 0.9944 0.9840 0.9976
Topaz
ω1
Value -1.302 -17.25 -212.9 -212.2 -158.6
SEE (%) 35.80 26.39 13.28 18.85 10.74
ω2
Value 37.44 454.5 5155 5151 4089
SEE (%) 29.21 19.77 10.38 15.33 7.900
ω3
Value -395.1 -4558 -4.377×104 -4.485×104 -3.969×104
SEE (%) 16.58 10.34 6.179 9.250 4.158
ω4
Value 2511 2.893×104 2.298×105 2.645×105 2.711 ×105
SEE (%) 3.261 1.646 1.484 1.648 0.7317
R2 0.9850 0.9966 0.9977 0.9969 0.9992
Yellow
ω1
Value -3.679 -47.95 -163.5 -181.8 -173.0
SEE (%) N/A 28.54 23.21 17.87 7.989
ω2
Value 89.25 1024 3559 4155 4220
SEE (%) N/A 24.85 19.03 14.53 6.298
ω3
Value -1006 -8552 -2.909×104 -3.410 ×104 -3.593×104
SEE (%) N/A 15.10 10.35 8.734 3.722
ω4
Value 1.259 7.898×104 2.402×105 2.458×105 2.413×105
SEE (%) N/A 2.321 1.289 1.559 0.5433
R2 N/A 0.9848 0.9960 0.9952 0.9995
Blue
ω1
Value 13.09 114.6 86.04 1026 813.9
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SEE (%) 99.64 6.426 3.116 14.81 9.353
ω2
Value -460.9 -2774 -3601 -2.129 ×104 -1.734×104
SEE (%) 66.33 5.177 1.451 13.77 8.213
ω3
Value 3207 1.529×104 2.573×104 1.240 ×105 9.183×104
SEE (%) 61.79 4.959 1.088 12.33 7.743
ω4
Value 1.880×104 7.490×104 2.631×105 2.643×105 2.989 ×105
SEE (%) 18.01 1.221 0.1398 7.610 3.130
R2 0.7968 0.9981 1.000 0.9508 0.9890
Lilac
ω1
Value 3.944 106.4 16.29 444.2 148.5
SEE (%) 35.70 21.47 71.88 36.66 31.27
ω2
Value -118.2 -2307 -960.7 -9405 -3344
SEE (%) 24.44 21.85 26.70 36.07 29.02
ω3
Value 918.9 1.328×104 9960 5.316×104 2.064×104
SEE (%) 18.25 25.74 16.90 45.80 29.39
ω4
Value 49.3 -4389 9421 -5283 1.193×104
SEE (%) 559.5 162.4 34.97 963.6 97.75
R2 0.9195 0.9550 0.9897 0.7799 0.8259
Rose
ω1
Value 9.728 660.8 -3066 4497 -1736
SEE (%) 154.6 35.97 81.98 43.78 49.08
ω2
Value -348.4 -1.436×104 4.944×104 -9.695×104 2.498 ×104
SEE (%) 107.5 35.17 109.3 38.10 72.98
ω3
Value 1436 7.484 ×104 -1.619×105 5.804 ×105 -4.972×104
SEE (%) 189.6 44.53 204.2 33.42 234.0
ω4
Value 3.806×104 1.582×105 5.612×105 2.329×105 4.961×105
SEE (%) 15.00 44.12 97.26 142.1 44.32
R2 0.8986 0.9377 0.4285 0.6703 0.8161
Frosted
ω1
Value -620.8 955.7 -2854 4185 -3860
SEE (%) 96.82 169.5 316.1 293.9 18.18
ω2
Value 7236 -4.285×104 6.910×104 -1.180 ×105 5.468 ×104
SEE (%) 208.2 76.78 270.5 218.8 26.05
ω3
Value -9.634×104 -5279 -9.635×105 6.527×105 -4.137 ×105
SEE (%) 112.0 3596 107.4 226.8 19.18
ω4
Value 3.325×105 1.364×107 2.49×107 1.817×107 1.570×107
SEE (%) 6.641 2.272 4.337 10.81 0.6787
R2 0.9649 0.9864 0.9075 0.1321 0.9975
Table 7.14: Coefficients for the fitting performed on residual TL response for
ts,2 = 1 week for fading for 3 weeks ≤ ts,1 ≤16 months time period, using Eqn. 4.21,
with units (counts mg−1 kGy−3), (counts mg−1 kGy−2), (counts mg−1 kGy−1) and (counts
mg−1) for coefficients ω1, ω2, ω3 and ω4 respectively.
The R2 values of all bead colours were improved when applying the 3rd order
polynomial fit rather than the 2nd order polynomial fit, except for Frosted beads.
However, when comparing the uncertainty in the calculated values of the coefficients
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the 3rd order polynomial fit showed significantly greater percentage uncertainties
than that of the 2nd order polynomial fit. For both fits and all colours, except Topaz,
the dose of 150 kGy showed the poorest agreement to the data set, always with a
consistently poorer R2 value than other doses. Further work is needed to determine
the most accurate correlation to fit this fading period of the different bead colours.
Studying constituent glow-peaks independently as a function of ts could aid the
understanding and characteristics of these beads and how the fading effect for the
kGy dose range can be characterised.
Glow-peak Ratio
Using the findpeaks function in MATLAB the ratio of TL response between the
two glow-peaks for Red beads were calculated. The ratios were calculated by the TL
response of the 1st peak identified divided by the TL response of the last peak identified
as several peaks for the same glow-peak were often identified or the 2nd peak identified
could be noise still prominent in the smoothed glow-curve, see Figure 7.20.
(a) 50 kGy (b) 250 kGy
Figure 7.20: Identification of glow-peaks using findpeaks function in MATLAB with
MinPeakHeight set to 1000, for (a) 50 kGy and (c) 250 kGy glow-curves of Red beads
read-out after ts = 3 weeks and ts = 16 months.
Weighted fits were then applied to the calculated ratios by an exponential decay
and logarithmic fit, following the same correlation as Equations 7.3 & 7.4 respectively.
Similar to the previously calculated for the fading of the TL response for beta irradiated
beads, however, in this case the ratio of peak TL response is analysed rather than the
percentage of TL response for ts = 0 s. The corresponding data fits are plotted in
Figures 7.21 & 7.22 and the coefficients for these fits displayed in Tables 7.15 & 7.16,
for the exponential and logarithmic fits respectively. The weights applied were the
same quantities as the error bars in the aforementioned fit, calculated as the standard
deviation.
Studying coefficient φ2 displayed in Table 7.15, it is clear that the ratio at which
the fading reaches an asymptote changes with the dose. When considering the
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Figure 7.21: Weighted exponential decay fits for the glow-peak ratios of Red beads,
fitted by Equation 7.3, for 50 kGy (blue), 150 kGy (red) and 250 kGy (black)
Dose
(kGy)
Coefficients Adjusted
R2 Valueφ1
(no units)
Λ
(months−1)
φ2
(no units)
50
0.406
± 0.012
-0.25
± 0.02
1.011
± 0.008 0.9965
150
0.326
± 0.004
-0.26
± 0.01
0.825
± 0.003 0.9994
250
0.34
± 0.02
-0.29
± 0.04
0.767
± 0.008 0.9933
Table 7.15: Glow-peak ratio coefficients, respective percentage standard error and R2
values for Red beads, fitted by Equation 7.3. With units of (months−1) for coefficient Λ
and no units for φ1 or φ2.
standard deviation in the values for a the coefficients show a difference across the
doses, this is likely due to the relative TL response at different doses. However, the
values for coefficient b are very similar and can be considered equal when considering
the standard deviation, suggesting that the rate at which the ratios between the two
glow-peaks identified in the Red beads the rate of decay with respect to the storage
time, ts, is independent of the dose. As coefficient Λ is equivalent to the decay
constant in Equation 7.3 it can be assumed that the decay constant for the range of
50 kGy to 150 kGy is independent of dose.
Figure 7.22 shows that the 1st glow-peak produces almost the same TL response as
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Figure 7.22: Weighted logarithmic fits for the glow-peak ratios of Red beads, fitted by
Equation 7.4, for 50 kGy (blue), 150 kGy (red) and 250 kGy (black)
Dose
(kGy)
Coefficients Adjusted
R2 Valueζ1
(no units)
ζ2
(months−1)
ζ3
(no units)
50
-0.111
± 0.003
0.022
± 0.002
0.8890
± 0.0003 0.9963
150
-0.089
± 0.003
0.046
± 0.003
0.7907
± 0.0002 0.9947
250
-0.091
± 0.004
0.058
± 0.003
0.750
± 0.002 0.9908
Table 7.16: Glow-peak ratio coefficients, respective percentage standard error and R2
values for Red beads, fitted by Equation 7.4.
the 2nd glow-peak for 250 kGy at ts = 3 weeks. Comparing the R2 values of the two fit
types across all doses, Tables 7.15 & 7.16, both fit types show a strong compliance with
the data set with similar percentage uncertainties in the calculated coefficients. Unlike
the case for the percentage loss in TL for the beta fading, Section 7.3.1, the exponential
decay fit shows a slightly better prediction for the data than the logarithmic fit.
The fading of the peak TL response for both peaks in the Red glow-curves was also
investigated for 50 kGy, 150 kGy and 250 kGy. The plots for the maximum TL response
of the 2nd glow-peak for 50 kGy as a function of ts shown in Figure 7.23, displays
a very similar correlation to the 2nd order polynomial applied to the Pink beads in
Figure 7.18b. On the other hand the 1st glow-peak for 50 kGy and both glow-peaks for
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250 kGy as a function of ts show correlations similar to that of the Red fading plots for
the overall TL response, Figure 7.18b, suggesting that a 3rd order polynomial fit would
best fit the data. This suggests that the behaviour of these glow-curves the correlation
is unchanged from the evaluation of the fit for the entire glow-curve. A 3rd order
polynomial fit was applied to all doses with the coefficients displayed in Table 7.17 and
the 3rd order polynomial fits for 50 kGy displayed in Figure 7.24, for fits not displayed
in this section see Appendix B.3.3.1.
(a) 1st glow-peak (b) 2nd glow-peak
Figure 7.23: Maximum TL response of each glow-peak shown in the glow-curve of Red
beads irradiated by 50 kGy. (a) 1st glow-peak and (b) 2nd glow-peak, both fitted with
the same fit as the one applied to the overall TL response, defined by Equation 4.20.
Studying the R2 values of the two fits applied to the maximum TL response of
the 1st and 2nd glow-peaks as a function of ts shows that the 3rd order polynomial
consistently shows the more compliant fit to the data for all doses, see Table 7.17. The
R2 value for the 2nd 50 kGy glow-peak is significantly better than those of the other
doses for the same glow-peak, supporting the earlier comparison to the compliance
of fading for Pink beads with the 2nd order polynomial fit. However, comparing the
R2 value for the 3rd order polynomial with 2nd order polynomial it is evident that the
application of the 3rd order polynomial fit still produces a better fit to the data than the
2nd order polynomial for the 2nd glow-peak of the 50 kGy glow-curve. It also observed
that the uncertainties in the calculated coefficients for the 3rd order polynomial are
less significant for the overall fit than those for the 2nd order polynomial.
It is important to evaluate the accuracy to the true peak value the findpeaks
function in MATLAB was able to analyse. Recalling that the findpeaks function was
used as an alternative to deconvoluting the glow-peak, a high degree of convolution will
strongly restrict the accuracy of the maximum TL response identified by this function.
It is for this reason that other bead colours were not able to be analysed using this
method, the effect of assuming the contribution of one glow-peak where in reality this
could be a convoluted glow-peak will affect the time/temperature at which the glow-
peak appears in the glow-peak as well as the maximum TL response.
Figure 7.20 shows typical glow-curves for the clearest glow-peaks for each dose.
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(a) 1st glow-peak (b) 2nd glow-peak
Figure 7.24: Maximum TL response of each glow-peak shown in the glow-curve of Red
beads irradiated by 50 kGy. (a) 1st glow-peak (b) 2nd glow-peak, both fitted with a 3rd
order polynomial fit, defined by Equation 4.21.
Studying Figure 7.20a it is clear that the exact height of the glow-peak could be difficult
to determine as the peak is not clearly defined or visible and appears as a plateau in the
glow-curve, indicating that the convolution of the two glow-peaks is significant about
the expected peak of the 2nd glow-peak of the glow-curves. This effect was observed
for all ts periods occurring for both glow-peaks at different doses and ts periods. This
is supported by the movement of the identified glow-peak in the 250 kGy comparison
to a higher temperature, Figure 7.20b. As previously explained, Section 6.1.1, the
movement of a glow-peak to higher temperatures in a glow-curve with more than one
glow-peaks shows the effect of the convolution of the two (or more) glow-peaks present
in the glow-curve and the relative dominance in the TL response each of them produce.
However, in glow-curves where one glow-peak is dominant, this consideration will
only effect the identified maximum of the subordinate glow-peak of the glow-curve and
vice versa. For a more valid fit for the correlation between the TL response (of either
the overall TL response or maximum TL response for specific glow-peaks in a glow-
curve) would require more ts periods. This can verify whether the oscillations seen in
the TL response with increasing ts, Figures B.28 to B.43, are more likely to fit a 3rd
order polynomial or evidence for another appropriate fit.
Considering the fading correlation of specific glow-peaks would be a useful study
to understand the fading of specific recombination processes and electron traps. This
would be aided by more studies into the activation energy E required for specific
glow-peaks, as well as their respective mean life, τ, or half life, t1/2, to evaluate the
processes occurring at different ts read-outs. The most successful method to calculate
these parameters for each glow-peak would be to deconvolute the glow-curves for each
bead colour.
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Fit Type Coefficient Peak
Dose
(kGy)
50 150 250
2nd Order
Polynomial Fit
Ω1
1
(
2.4
± 0.1
)
×104
(
2.4
± 0.2
)
×104
(
2.7
± 0.2
)
×104
2
(
1.95
± 0.02
)
×104
(
2.4
± 0.1
)
×104
(
2.7
± 0.1
)
×104
Ω2
1
70
± 20
70
± 30
90
± 20
2
44
± 2
50
± 20
62
± 9
R2
1 0.8618 0.5988 0.7436
2 0.9889 0.7521 0.9185
3rd Order
Polynomial Fit
ω1
1
-10
± 2
-20
± 20
-17
± 4
2
-3.5
± 0.2
-14
± 2
-13
± 2
ω2
1
250
± 60
480
± 20
460
± 90
2
41
± 6
340
± 40
300
± 40
ω3
1
(
-2.7
± 0.4
)
×103
(
-4.6
± 0.5
)
×103
(
-4.4
± 0.6
)
×103
2
-520
± 40
(
-2.8
± 0.3
)
×103
(
-2.6
± 0.2
)
×103
ω4
1
(
2.83
± 0.06
)
×104
(
3.18
± 0.08
)
×104
( 3.22
± 0.07
)
×104
2
(
1.996
± 0.006
)
×104
(
2.82
± 0.04
)
×104
(
2.97
± 0.4
)
R2
1 0.9947 0.9891 0.9921
2 0.9999 0.9942 0.9971
Table 7.17: Table of the coefficients with respective uncertainties and R2 values for 2nd
and 3rd order polynomial fits applied to the 1st and 2nd order glow-peaks of Red beads
for doses 50 kGy, 150 kGy and 250 kGy.
7.4 Residual Dosimetry
The studies in this section explore the possibility of the beads being used as a
dosemeter once they have already been heated for thermoluminescent studies.
Residual studies were completed with batches; A-2, A-3, A-4, A-5, and B for 1 week
delays and C and D for 1 month delays between readouts.
Statistically, residual dosimetry is possible as the liberation of electrons from traps
and their recombination during heating is expressed as a probability. Though it is
likely that there could remain trapped electrons from the 1st readout it is important
to consider the cascading of in-active traps. For example, it is likely that a significant
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contribution to the TL response of the 2nd readout is due to deeper thermally
disconnected traps that have either escaped, even with a low probability, for the
second readout; or, more likely, have cascaded to lower energy traps with the
encouragement of the 1st readout or thermal fluctuations during storage time. As a
result they have been re-trapped in the shallower thermally connected traps to
produce a TL response for the 2nd readout, similar to the recombination process,
involving interactive traps, that occurs during a TL readout.
Figure 7.25: Glow-curves of the same Pink bead for the first readout and the residual
readout, irradiated to 1 kGy and readout using the same heat cycle for ts,1 = 3 weeks
and ts,2 = 1 week.
Studying the glow-curves of the residual readings has shown that the temperature
at the peak of the glow-curves is much higher than those obtained from the 1st readouts
as the glow-curves have shifted to higher temperatures, see 7.25. This is suggested to
be due to relaxation of deep inaccessible traps into trapping levels accessible within
the applied temperature cycle regime. It can also be observed in Figure 7.25, for this
case specifically, that a decrease in TL response in 2 orders of magnitude occurs from
the TL response of the 1st readout to that of the residual readout.
The largest residual TL responses were obtained from the batch of beads
ts,1 = 3 weeks after irradiation and ts,2 = 1 week, this data set can be used as a useful
starting point for identifying residual glow-curves and TL responses. The distinction
of a suitable glow-curve can be determined by comparing the signal to noise ratios
(SNRs) of different bead colours and doses after the control readout has been
subtracted from the average Mass Normalised TL response. The threshold for noise
has been taken as the average Mass Normalised TL response produced for the control
batch, equivalent to the 0 Gy dose, these readouts show no glow-curves producing only
noise.
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Considering the residual signal of the ts,1 = 3 weeks and ts,2 = 1 week, across all
bead colours the control varied from 24.92 to 53.43 counts mg−1, for Green and Red
beads respectively, producing an average of 41.70 counts mg−1, standard deviation of
10.23 counts mg−1 and an error in the mean of 2.453 %, across all colours. The SNR was
determined by the ratio of the average Mass Normalised TL response for the specific
dose and colour, divided by 41.70 counts mg−1, Table 7.18 displays the calculated SNRs.
Bead Colour
Signal to Noise Ratio
Dose (kGy)
1 5 50 150 250
Pink 307.0 1136 2166 1994 1769
Red 0.4952 3.488 16.70 21.45 12.28
Topaz 0.04593 0.2362 3.289 5.223 6.194
Yellow 0.5813 1.583 0.07413 0.4464 0.1670
Lime 0.7789 0.8058 0.7449 0.7086 0.7009
Green 0.1958 0.1130 0.1638 0.1425 0.1900
Blue 0.1071 0.5326 3.466 7.687 8.629
Lilac 0.3550 0.2375 1.075 1.827 2.034
Rose 3.891 25.82 66.53 114.5 139.2
Frosted 523.0 2641 4659 3693 3498
Table 7.18: Signal to noise ratio of average Mass Normalised TL response for all bead
colours and doses, to that of the average Mass Normalised TL response for the control
taken as the noise reading, of the residual dosimetry readout of the 3 week delay
sample to 4 s.f.
Evaluating the Mass Normalised TL response of the residual readout for the 3 week
delay the only beads to show glow-curves significantly distinguishable from noise for
doses less than 50 kGy were the Pink and Frosted beads, as shown in Table 7.18. From
literature the lower detection limit can be taken as 3σBKG (Furetta, 2003), where σBKG
is the standard deviation in the background readings; this provides a lower detection
limit, corresponding to a Mass Normalised TL response equal to 30.76 counts mg−1 or
SNR equal to 0.738 (4 s.f.). However, at these ratios, noise swamps any evidence of a
glow-curve, see Figure 7.26, the glow-curve begins to become identifiable at SNRs > 2,
for example , at 1 kGy for Rose beads producing a SNR of 3.891, Figure 7.26, showing
the glow-curve fluctuating with noise. Glow-curves become smoother with SNR’s > 100.
It can be concluded that Pink and Frosted beads produced the best quality glow-curves,
Rose beads show the smoothest glow-curves at 150 and 250 kGy with identifiable glow-
curves at 1 kGy. Glow-curves are also produced for; Red beads D ≥ 5 kGy, Yellow beads
D = 5 kGy, Blue beads D ≥ 5 kGy, Lilac D = 250 kGy. SNRs are used henceforth to
identify glow-curves yielding a significant TL response from the noise.
190
Figure 7.26: Glow-curves for a Red 1 kGy bead (SNR = 0.4952), solid line; Rose 1 kGy
bead (SNR=3.891), dotted line; Rose 150 kGy bead (SNR=3.891), solid line right axis.
7.4.1 Dose Response Correlations
The first results discussed in this section analyse the detailed the TL response as a
function of dose for 18 doses, for ts,1 = 3 weeks and ts,2 = 1 month. Using the SNR
technique described above, the SNR ratio was normalised using the average
background for the residual of beads from Batch C 38.08 counts mg−1, resulting in
σBKG = 18.52 counts mg−1 which corresponds to an SNR of 0.4863. As previously
determined, SNR >2 produce a glow-curve that is identifiable from noise. The beads
that meet this requirement are Pink , Rose and Frosted beads showing SNRs >2 for
all doses, the only other colour that surpass this threshold was Red D >25 kGy. The
TL responses as a function of dose are presented in Figure 7.27, with the coefficients
and R2 values displayed in Table 7.19, as well as the TL response of doses that
produced SNRs >2 for Red beads.
Overall the beads are expected to follow the same correlations that were observed
for the dose response analysed in Section 7.1, this was only observed for Pink and
Frosted beads. The correlation for residual TL response as a function of dose is
significantly different to that of the 1st readout for Red beads. As can be seen from
Figure 7.27d and Table 7.19 there is a linear and exponential fit applied to the data
set for Red beads with a peak dose of 40 kGy, where as for the 1st readout only an
exponential fit was applied, Table 7.5 and Figure 7.4a. Rose beads, however, showed
an exponential correlation for the whole dose range when analysing the residual TL
response, Figure 7.27c, compared to a linear and exponential fit for the 1st readout
with a peak dose of 50 kGy, Figure 7.4d.
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(a) Frosted (b) Pink
(c) Rose (d) Red
Figure 7.27: Residual TL response as a function of dose fitted with exponential and
linear fits for (a) Frosted, (b) Pink and (d) Red and only exponential fit for (c) Rose,
with the coefficients for each fit and corresponding R2 values displayed in Table 7.19.
The errorbars are calculated by the error in the mean.
In the cases where correlations remained the same, coefficients AR , GR and HR
were expected to vary when comparing them to the dose correlation curves presented
in Section 7.1, A, B and G respectively, as the residual TL response is expected to
be several orders of magnitude smaller, only affecting these fit coefficients specifically.
This is observed when comparing values from Table 7.5 and Table 7.19.
Coefficient B represents the rate of change in the TL response with respect to the
dose for an exponential increase, comparing this coefficient for the 1st readout, B and
residual readout, BR will indicate the sensitivity of the residual with respect to the
dose.
For Pink beads the values of B and BR are the most similar, with a percentage
difference of 14.63 %. This results in a percentage change in fit values of 13.82 % at
1 kGy and the minimum at the peak dose of 0.1973 %, with a constant coefficient AR .
The percentage differences in the B and BR coefficients for Frosted beads was much
larger at 27.63 %, resulting in percentage differences in fit values of 0.02987 % at the
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Bead
Colour
Peak
Dose
Fit Coefficient
R2
Value
AR BR GR HR Exp Lin
(kGy)
(mg
counts−1) (kGy
−1)
(mg counts−1
kGy−1)
(counts
mg−1)
Pink 50
(
4.2
± 0.2
)
×104 -0.12± 0.02
-90
± 10
(
4.7
± 0.2
)
×104 0.9220 0.8600
Frosted 50
(
8.6
± 0.4
)
×104 -0.20± 0.04
-2500
± 500
(
9.8
± 0.7
)
×104 0.8190 0.7520
Rose N/A
1700
± 40
-0.029
± 0.003 N/A N/A 0.8960 N/A
Red 50
440
± 20
0.04
± 0.01
-0.5
± 0.1
380
± 20 0.895 0.589
Table 7.19: Table detailing the fit applied to each data set of Mass Normalised
TL response as a function of dose for each colour of bead for ts,1 = 3 weeks and
ts,2 = 1 month and the uncertainty in the fitting using the standard error. Exp
corresponding to Exponential fit with coefficients AR and BR and Lin corresponding
to Linear fit with coefficients GR and HR , respectively.
peak dose to 24.90 % at 1 kGy. However, the percentage variations for both Pink and
Frosted beads are comparable to the uncertainty calculated by the standard error in
the fitting of the data sets.
The coefficients BR for the Rose beads are of the same order of magnitude as b for
the 1st readout, though these are not directly comparable as the fits applied to the
whole data set have differed. The same caution in the comparison of the B coefficients
for Red beads should be exercised for the same reason, this is reflected in the values of
B not only the order of magnitude but the nature of the rate of change in TL response
as a function of dose changes from -0.05197 for B (Table 7.5) to 0.007406 for BR
(Table 7.19).
TL response as a function of dose is also performed for all colours for varying storage
times ts,1 for periods of 3 weeks to 16 months and ts,2 from periods of 3 months to
12 months. It is important to note that the data collected for the varying storage times
discussed in the following subsections are for 5 doses, rather than the 18 doses in the
previous data set.
7.4.1.1 16 month Study - Varying ts,1
Continuing the SNR method to identify TL responses giving a residual signal, Pink,
Frosted and Rose beads provide a significant TL response for the whole the dose range
for all ts,1 periods. Exponential and linear fits, as applied for the detailed 18 dose plot,
for these bead colours were applied for all ts,1 periods with the coefficients displayed
in Table 7.21. For bead colours Red, Topaz, Blue and Lilac residual TL responses
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were only identifiable for some doses, see Table 7.20 for specified ts,1 periods, due to
the reduced number of data points for the TL response against dose fits could not be
applied to these data sets. Although the residual TL response as a function of dose
cannot be calculated for these bead colours the fading of the residual TL response will
be assessed in Section 7.4.2.1.
Bead Colour Dose range (kGy) ts,1 (months)
Red 5/50 All
Topaz >50 <16
Blue >50/150 All
Lilac >50/150 All
Table 7.20: Table detailing the residual TL responses for bead colours over all doses
and periods of ts,1.
In these studies the Rose beads were fitted with an exponential and linear fit with
a linear increase rather than decrease in the TL response with increasing dose, rather
than a decreasing TL response demonstrated by Pink and Frosted beads. Comparing
this fit to that of the more detailed 18 dose fit above for Rose beads it is most likely that
the Rose beads show an exponential correlation as fitted in Table 7.19 and Figure 7.27c,
though it is not possible to verify this with 5 doses. Hence the linear fit has been
adopted for the purpose of analysing the results in this study, future work for varying
ts,1 should include more dose intervals for TL response.
Studying the fits in Table 7.21 it can be seen that the value for B varies slightly
across the ts,1 range investigated with the exception of the ts,1 = 16 month Pink beads
producing a maximum percentage change in BR of 157.1 %, though considering the %
uncertainty of this coefficient it is likely that it could be similar in magnitude to the the
other values of BR for Pink beads. The minimum variation across BR coefficients was
56.04 % for Frosted beads. This data suggests that the rate at which the TL response
varies with respect to dose does not have a significant dependence on the ts,1 period.
The values of BR for the Pink and Frosted data sets also show an agreement with that
of the fits applied to the ts,1 = 3 week, ts,2 = 1 month readings earlier in this Section.
7.4.1.2 12 month Study - Varying ts,2
Analysis of residual TL response as a function of dose was also completed for different
ts,2 periods, with periods of 3, 6, 9 and 12 months. Using the SNR method Pink and
Frosted beads were the only bead colours that showed residual TL responses for all
doses. The same fits of the exponential fit up to 50 kGy and linear fit for doses >50 kGy,
as in Sections 7.1 & 7.4.1.1, with coefficients displayed in Table 7.22.
The Pink beads show a percentage variation of BR of 52.87 % and the Frosted beads
show a small variation with a percentage change of 19.32 %, similar to the results of
the tS,1 study. An evaluation of the Rose beads cannot be confirmed as they show little
response at 1 kGy therefore these fits cannot be applied to the data. This is also the
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Bead
Colour
ts,1 Fit Coefficient
R2
Value
AR BR GR HR Exp Lin
Pink
3 w
(
9.04
± 0.02
)
×104 -0.149± 0.001
-84
± 6
(
9.5
± 0.1
)
×104 1.000 0.989
4 m
(
1.053
± 0.009
)
×105 -0.111± 0.005
-230
± 50
(
1.1
± 0.2
)
×105 0.9990 0.6270
8 m
(
9.06
± 0.02
)
×104 -0.096± 0.001
-250
± 10
(
1.02
± 0.02
)
×105 1.0000 0.9960
12 m
(
5.63
± 0.02
)
×104 -0.153± 0.004
-70
± 20
(
6
± 5
)
×104 1.0000 0.8790
16 m
(
1.8
± 0.2
)
×104 -0.5± 0.3
20
± 290
(
2.0
± 0.8
)
×104 0.8300 -0.7850
Frosted
3 w
(
1.94
± 0.03
)
×105 -0.17±0.01
-240
± 80
(
2.0
± 0.1
)
×105 0.9960 0.7940
4 m
(
1.502
± 0.001
)
×105 -0.1463± 0.0003
-230
± 90
(
1.6
± 0.2
)
×105 1.0000 0.7070
8 m
(
2.151
± 0.004
)
×105 -0.091± 0.001
-700
± 200
2.4
± 0.3
)
×105 1.0000 0.7920
12 m
(
1.747
± 0.009
)
-0.110
± 0.003
-600
± 200
(
2.0
± 0.2
)
×105 1.0000 0.8590
16 m
(
7.5
± 0.2
)
×104 -0.15± 0.01
-180
± 20
(
8.2
± 0.7
)
×104 0.9940 0.8950
Rose
3 w
2800
± 40
-0.097
± 0.004
13
± 3
2500
± 600 0.9990 0.902
4 m
2680
± 30
-0.099
± 0.004
5
± 7
3000
± 1000 0.9990 -0.2630
8 m
3760
± 70
-0.053
± 0.004
0.4
± 1.3
3500
± 200 0.9990 -0.8220
12 m
2560
± 20
-0.059
± 0.002
3
± 3
2500
± 500 1.0000 -0.193
16 m
1410
± 20
-0.060
± 0.003
1.2
± 0.6
1310
± 90 1.0000 0.6580
Table 7.21: Table detailing the fit applied to each data set of Mass Normalised TL
response as a function of dose for each colour of bead for ts,1 = 3 weeks to 16 months
and ts,2 = 1 week, where w signifies weeks and m months. Exp corresponding to
Exponential fit with coefficients AR and BR with units (mg counts−1) and (kGy−1)
respectively; and Lin corresponding to Linear fit with coefficients GR and HR with
units (mg counts−1 kGy1) and (counts mg−1) respectively.
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Bead
Colour
ts,2 Fit Coefficient
R2
Value
AR BR GR HR Exp Lin
Pink
3
(
5.005
± 0.006
)
×104 -0.155± 0.008
-20
± 3
(
5.06
± 0.06
)
×104 0.9990 0.9550
6
(
4.259
± 0.005
)
×104 -0.0994± 0.0008
-80
± 20
(
4.6
± 0.3
)
×104 1.0000 0.9200
9
(
6.872
± 0.8
)
×104 -0.1320± 0.0007
-100
± 60
(
7
± 1
)
×104 1.0000 0.4970
12
(
4.91
± 0.05
)
×104 -0.173± 0.006
-77
± 8
(
5.3
± 0.1
)
×104 0.9990 0.9790
Frosted
3
(
1.527
± 0.004
)
×105 -0.121± 0.001
-350
± 20
(
1.69
± 0.02
)
×105 1.0000 0.9950
6
(
8.60
± 0.02
)
×104 -0.129± 0.002
-130
± 40
(
9.1
± 0.7
)
×104 1.0000 0.8400
9
(
1.309
± 0.002
)
×105 -0.1468± 0.0007
-98
± 9
(
1.365
± 0.02
)
×105 1.0000 0.9820
12
(
1.1282
± 0.0008
)
×105 0.144± 0.004
-160
± 90
(
1.3
± 0.1
)
×105 0.990 0.5340
Table 7.22: Table detailing the fit applied to each data set of Mass Normalised TL
response as a function of dose for each colour of bead for ts,1 = 10 to 11 weeks and
ts,2 = 3 months to 12 months. Exp corresponding to Exponential fit with coefficients
AR and BR with units (mg counts−1) and (kGy−1) respectively; and Lin corresponding
to Linear fit with coefficients GR and HR with units (mg counts−1 kGy1) and (counts
mg−1) respectively.
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case for Red beads, as they only showed a residual TL response for all ts,2 periods for
doses >50 kGy.
Comparing the data in Table 7.22 with that of Tables 7.5, 7.19 & 7.21, it can be
seen that these dose curves behave similarly to those of the 1st readout and that of the
varying ts,1 study as the values for the BR coefficient are similar. However, the
uncertainties seem to be smaller, implying that the data produced by varying ts,2
results in a more compliment data set to the fits applied than that to the ts,1 study. As
for the studies in Section 7.4.1.1, the accuracy of the plots would benefit from
repeating these studies with more doses, as well as to confirm the validity of this
comparison as this could be due to a lack in the quantity of data to be fitted.
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7.4.2 Fading of Residual TL response
This Subsection investigates the prominence of the fading effect on the residual TL
responses identified in Subsection 7.4.1, as well as the 6 month fading result of residual
TL response with ts,2 = 1 month for both dose fits and ts,1 = 3 weeks and ts,1 = 6 months
as the fading comparison periods. The dose ranges that produced suitable SNRs for the
ts,2 = 1 month and ts,1 = 3 weeks and ts,1 = 6 months study, for different colours are
displayed in Table 7.23.
Bead Colour
Dose Range (kGy)
ts,1
3 weeks 6 months
Pink 1 - 250 1 - 250
Frosted 1 - 250 1 - 250
Red 25 - 250 25 - 250
Rose 1 - 250 1 - 250
Blue 100 - 250 N/A
Table 7.23: Doses producing suitable SNRs for residual dosimetry for different bead
colours for ts,2 = 1 month for both values of ts,1.
It was determined by the SNR method that no dose for Blue beads with the
storage times of ts,1 = 6 months and ts,2 = 1 month gave a suitable TL response for
residual dosimetry, hence the fading for Blue beads in this study could not be
measured. It can be assumed that the storage time of 6 months for ts,1 can lower the
TL response for the first readout significantly, as shown in Section 7.3; due to this it is
highly unlikely that enough electrons remain trapped in the Blue beads for a second
readout of ts,2 = 1 month, either due to the fading effect within the ts,2 period of
1 month or that an insufficient number of electrons remained trapped if no fading
occurs. The result of the decrease in the number of trapped electrons predicts that the
coefficient AR will be less for ts,1= = 6 months, than that for ts,1= = 1 month.
Comparing the values of coefficient AR for ts,1= 3 weeks and ts,1= 6 months shows
that the mass normalised TL response is significantly reduced upon a 2nd readout.
As well as lower values for AR , coefficients GR and HR also produced lower values for
ts,1= 6 months; this represents that the fading in the decreasing part of the TL response
fit is affected by fading. A lower value of AR implies that the saturation at the peak
dose produces a smaller residual TL response, while a smaller (less negative) value
of HR shows a decrease in the rate of linear decline in residual TL response. Frosted
beads, Figure 7.28, showed a fairly consistent decrease across these coefficients with a
percentage change of 56.93 %, 50.59 % and 59.57 % for AR , BR and GR respectively.
Where as Red beads showed a larger variation in the percentage of the ts,2 = 1 month
coefficients with 26.28 %, 50.40 %, 20.80 % smaller, for AR , BR and GR respectively,
where these percentage changes can be encompassed in the possible range of values
when considering the percentage uncertainty of each coefficient for both ts,1 periods.
In contrast, all coefficients for Pink beads were larger for ts,2 = 6 months than that
of ts,2 = 1 month, except for BR which was smaller by 25.01 %; with the other
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Bead
Colour
Peak
Dose
Fit Coefficient
R2
Value
AR BR GR HR Exp Lin
Pink 50
(
5.0
± 0.2
)
×104 0.09± 0.02
-130
± 20
(
6
± 3
)
×104 0.942 0.763
Frosted 50
(
5.1
± 0.2
)
×104 0.08± 0.01
-120
± 20
(
5.8
± 0.3
)
×104 0.951 0.805
Rose N/A
(
2.16
± 0.09
)
×103 0.03± 0.04 N/A N/A 0.700 N/A
Red 50
330
± 30
0.05
± 0.04
-0.2
± 0.2
280
± 30 0.835 0.0534
Table 7.24: Table of coefficients for residual TL response with ts,2 = 1 month for
ts,1 = 6 months, to be compared with the values in Table 7.19. Exp corresponding
to Exponential fit with coefficients AR and BR with units (mg counts−1) and (kGy−1)
respectively; and Lin corresponding to Linear fit with coefficients GR and HR with
units (mg counts−1 kGy1) and (counts mg−1) respectively.
Figure 7.28: Comparison of fading phenomenon for equal ts,2 = 1 month and
ts,1 = 3 weeks for blue ∗ markers and ts,1 = 6 months for green × markers, for Frosted
beads.
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coefficients, AR , GR and HR , were larger by 18.16 %, 45.10 % and 24.39 %
respectively. A larger value of GR for the ts,2 = 6 months readout shows that the
decrease in residual TL response as a function of dose occurs at a greater rate than for
that with the ts,2 = 1 month readout. This could suggest that the fading of the
residual TL response of Pink beads is less than that of Frosted beads.
Finally, Rose beads showed a change in coefficients between the two ts,1 periods of
26.70 % larger for AR and 7.0656 % smaller for BR , both of these variations are within
the uncertainty of the calculated value of the coefficients.
The fading studies have been completed across all doses and time periods for Pink
and Frosted beads as these have been previously identified in Section 7.4.1. The fading
of Rose, Red, Blue, Lilac and Topaz for varying ts,1 and ts,2 periods and doses, producing
residual TL responses, are presented in the following subsections.
7.4.2.1 16 month Study - Varying ts,1, ts,2 = 1 week
As discussed in Section 7.3, the coefficientΩ1 (counts mg−1) represents the TL response
at a time of ts = 0 (A.U.) and the coefficient Ω2 (counts mg−1 kGy−2) signifies the 2nd
order rate of decrease in TL response with respect to dose.
The beads that showed residual TL responses suitable for fading studies were;
Pink, Frosted and Rose beads for all doses and doses for other colours; Red ≥ 5 kGy,
Blue≥ 50 kGy and Topaz ≥ 50 kGy. The TL responses as a function of the fading time
ts,1 for these beads are displayed in Figure 7.29, with the lines used for a visual aid to
link data points and not a suggestion for the TL response as a function of fading time.
Studying the residual TL responses in Figure 7.29, it is evident that there is
difficulty in fitting all bead colours with a single fit, hence the fit applied to fading in
Section 7.3. For the second order polynomial applied by using using Equation 4.20,
the corresponding coefficients, their uncertainties and R2 values, for each bead colour
and dose are recorded in Table 7.25.
Pink beads, Figure 7.29a, have shown the largest disparity in the fits with no
consistency in the troughs in comparison to the expected fit of data, however, still
showing fair compliance to the fit applied with R2 values of 0.947, 0.878, and 0.812 for
doses 5 kGy, 50 kGy and 150 kGy respectively and relatively small uncertainties of
SSE % in the coefficients when comparing to other bead colours. Pink beads showed
the best compliance with the applied fit for the entire ts,1 range tested when
considering all 5 doses.
For all doses of Frosted beads there seemed to be an unexpected, compared to the
expected fit, decline in the TL response at 4 months, Figure 7.29b. The dose that had
the largest variation from the fitted value at 4 months was 50 kGy as well as having
the worst R2 value for Frosted beads, reaffirmed by the SSE % for coefficient Ω2 of 127.
The R2 values for these fits were the most consistent across doses, with the exception
of the 50 kGy, varying from 0.615 to 0.673, echoed by the consistency in the values of
SSE % for Ω2 for each dose.
Doses of 5 kGy and 150 kGy are well represented by the 2nd order polynomial fit,
and show the best compliance for all bead colours and doses, with R2 values of 0.995
and 0.975 respectively, as well as significantly small uncertainty values for coefficients
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Ω1 and Ω2. However, Rose beads also show the poorest fit to the fit applied for 1 kGy
with an R2 value of -0.243 and the largest uncertainties in the coefficients of 18.6 %
and 215 % for Ω1 and Ω2 respectively.
There seemed to be consistency for only the 5 kGy and 250 kGy doses for the Red
beads, Figure 7.29d, this is reflected by the SSE % and the R2 values of the fits. The
dose that shows the best compliance with the fit applied 250 kGy, this may be due to the
number of electrons excited in the irradiation process making recombination processes
possible similar to those occurring for a 1st readout facilitates.
Though both Blue and Topaz beads showed good compliance to the fits applied, the
representation of the data in Figures 7.29e & 7.29f should also be studied, as they
do not appear to directly follow the fit applied by Equation 4.20. Blue beads showed
a consistent trend with a trough in the expected TL response at 8 months, where as
Topaz beads showed more of a linear decrease in residual TL response with increasing
ts,1.
After studying the correlation of the residual TL response and dose it can be seen
that the data does not comply with the suggested fits as well as the 1st readout TL
responses, comparing Tables 7.13 & 7.25. It is possible that the correlation for
residual fading differs from that of the 1st readout fading, and can be supported by
the evidence that a different activation energy, E, is likely to be required for the
liberation of electrons for residual readouts, as show in Figure 7.25. Considering this
evidence it is fair to contemplate different half times, τ, electron trap depths, E, and
transfer of electrons between traps, for the two readouts as previous heating could
change the distribution of electrons in the system.
Bead
Colour
Dose
(kGy)
Coefficient
Ω1
(counts mg−1)
Ω2
(counts mg−1 kGy−2) R
2
Pink
1
(
1.2
± 0.1
)
×104 30± 10 0.577
5
(
4.6 ± 0.1
)
×104 110± 10 0.947
50
(
1.05
± 0.6
)
×105 320± 30 0.878
150
(
7.5
± 0.6
)
×104 180± 50 0.731
250
(
6.8
± 0.5
)
×104 190± 40 0.812
Frosted
1
(
2.1
± 0.1
)
×104 30± 10 0.622
5
(
9.8
± 0.9
)
×104 220± 80 0.615
50
(
2.0
± 0.2
)
×105 300± 400 0.132
150
(
1.3
± 0.1
)
×105 300± 100 0.673
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250
(
1.3
± 0.1
)
×105 400± 100 0.637
Rose
1
140
± 30
0.1
± 0.2 -0.243
5
1081
± 7
2.9
± 0.1 0.995
50
3300
± 400
6
± 3 0.432
150
4700
± 100
11.7
± 0.9 0.975
250
5100
± 500
15
± 5 0.690
Red
5
170
± 20
0.3
± 0.2 0.351
50
650
± 40
2.2
± 0.4 0.873
150
700
± 100
2
± 1 0.417
250
530
± 20
1.4
± 0.2 0.950
Blue
50
143
± 4
0.39
± 0.06 0.933
150
330
± 20
0.7
± 0.3 0.732
250
400
± 40
0.7
± 0.5 0.225
Topaz
150
107
± 3
0.55
± 0.08 0.927
250
240
± 10
0.6
± 0.1 0.871
Table 7.25: Coefficients for the fitting performed on residual TL response for
ts,2 = 1 week for fading for 3 weeks ≤ ts,1 ≤16 months time period, using
Eqn. 4.20, with units (counts mg−1) and (counts mg−1 kGy−2) for coefficients Ω1 and
Ω2 respectively.
As found in Section 7.3.2.2, a 3rd order polynomial fit showed the best correlation
to that of the fading of TL response of the whole glow-curve for all bead colours, except
most doses for Pink and Frosted beads. Hence, a 3rd order polynomial fit was also
applied to the residual fading for a 16-month period for beads that produced enough
data points for the degrees of freedom of the fit, i.e. data sets with 4 or more data points;
for all data sets with 4 data sets this results in an infinite error in the coefficients found
for the fit, hence labelled N/A. The calculated coefficients of the fit and corresponding
R2 values for each bead colour and dose are displayed in Table 7.26.
Comparing R2 values in Tables 7.25 & 7.26, no bead colour showed an
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(a) Pink. (b) Frosted.
(c) Rose. (d) Red.
(e) Blue. (f) Topaz.
Figure 7.29: Fading plots of the varying ts,2 residual TL responses only for doses that
gave significant glow-curves determined by the SNR, see respective legends.
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improvement in the compliance when applying the 3rd order polynomial fit, for all
doses. Pink, Frosted and Topaz beads showed a higher degree of compliance for all but
1 dose fitted, for 5 kGy, 1 kGy and 150 kGy respectively. Rose beads showed an
improvement for 5 kGy, 150 kGy and 250 kGy fitting and Red beads showed an
improvement for both doses that produced enough variables to compare R2 values. On
the other hand, Blue beads showed a better compliance with the 2nd order polynomial
fit for the most doses (150 kGy and 250 kGy), with the 50 kGy fading best complying
to the 3rd order polynomial fit.
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Bead
Colour
Peak
Dose
Fit Coefficient
R2
Value
ω1 ω2 ω3 ω4
(kGy) (counts
mg−1 kGy−3)
(counts
mg−1 kGy−2)
(counts
mg−1 kGy−1)
(counts
mg−1)
Pink
1
-12
± -2
310
± 50
-2500
± 300
(
1445
± 0.04
)
×104 0.981
5
5
± 15
-200
± 400
-400
± 600
(
4.8
± 0.4
)
×104 0.934
50
42
± 3
-1640
± 80
(
1.13
± 0.05
)
×104
(
8.284
± 0.09
)
×104 0.99
150
-70
± 30
1600
± 900
(
-1.2
± 0.6
)
×104 -7700± 700 0.856
250
-30
± 30
700
± 700
-8000
± 5000
(
8.0
± 0.7
)
×104 0.879
Frosted
1
-10
± 10
300
± 300
0
± 23000
(
2.4
± 0.3
)
×104 0.461
5
-100
± 20
2500
± 400
(
-1.9
± 0.3
)
×104
(
1.23
± 0.04
)
×105 0.981
50
-200
± 200
4000
± 4000
(
-2
± 3
)
×104
(
2.0
± 0.4
)
×105 0.330
150
-120
± 10
3000
± 300
(
-2.6
± 0.2
)
×104
(
1.72
± 0.04
)
×105 0.993
250
-70
± 20
1900
±400
(
-2.1
± 0.2
)
×104
(
0
± 30
)
×105 0.993
Rose
1
-0.1
± 0.3
4
± 8
-30
± 50
190
± 80 -1.6159
5
0.14
± 0.02
-6.0
± 0.4
16
± 2
1068
± 3 0.999
50
-0.7
± 3.0
0
± 80
200
± 600
2000
± 1000 0.406
150
-1.2
± 0.6
20
± 10
-200
± 100
4900
± 200 0.985
250
-3.6
± 0.9
100
± 20
-900
± 100
6400
± 200 0.987
Red
5
0.3125
N/A
-8.087
N/A
54.05
N/A
109.3
N/A N/A
50
-1.116
N/A
21.07
N/A
-127.9
N/A
781.0
N/A N/A
150
-1.0
± 0.4
30
± 40
-230
± 70
1100
± 100 0.879
250
0.20
± 0.05
-7
± 1
39
± 8
490
± 10 0.994
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Blue
50
0.1265
N/A
2.383
N/A
6.076
N/A
141.2
N/A N/A
150
0.0
± 0.3
0
± 3
0
± 50
330
± 60 -0.933
250
0.1
± 0.6
0
± 10
30
± 80
400
± 100 0.230
Topaz
150
0.01030
N/A
0.1851
N/A
-6.865
N/A
223.1
N/A N/A
250
-0.100
± 0.009
2.2
± 0.2
-21
± 1
273
± 2 0.999
Table 7.26: Coefficients for the fitting performed on residual TL response for
ts,2 = 1 week for fading for 3 weeks ≤ ts,1 ≤16 months time period, using Eqn. 4.21,
with units (counts mg−1 kGy−3), (counts mg−1 kGy−2), (counts mg−1 kGy−1) and (counts
mg−1) and (counts mg−1 kGy−2) for coefficients ω1, ω2, ω3 and ω4 respectively.
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7.4.2.2 12 month Study - ts,1=10/11 weeks, Varying ts,2
The fading results in this study are for the second storage time, ts,2, of 3,6,9 and
12 months with the initial storage time, ts,1, of 10-11 weeks. As in all cases for
residual dosimetry, analysis was only conducted on doses and bead colours that
showed a significant residual TL response determined by the respective SNRs in
Subsection 7.4.1.2. The change in TL response was hence measured for Pink and
Frosted beads for all doses and Rose and Red beads for 5 kGy and 50 kGy respectively,
result are displayed in Figure 7.30.
(a) Pink. (b) Frosted.
(c) Rose. (d) Red.
Figure 7.30: Fading plots of the varying ts,2 residual TL responses only for doses that
gave a significant glow-curve determined by the SNR, distinguishable by legends of
respective graphs, for Pink, Frosted, Rose and Red beads.
As discussed in Section 7.4.2.1, it plausible that residual TL responses require a
different fitting method than that applied in Section 7.3 by Equation 4.20. This is
supported by Figure 7.30, as it appears as though all beads follow an oscillating
fading pattern, due to the number of data points this could be fitted with a 3rd order
polynomial. However, applying the aforementioned fit to the data would have a large
amount of uncertainty due to the variation in the TL response over time and number
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of data points. It is suggested that to fully characterise the fading with an increasing
storage time after the initial readout ts,2, more data should be collected in the current
interval and could be extended further to make a valid evaluation of the fading TL
response.
Bead
Colour
Peak
Dose
Fit Coefficient
R2
Value
ω1 ω2 ω3 ω4
(kGy) (counts
mg−1 kGy−3)
(counts
mg−1 kGy−2)
(counts
mg−1 kGy−1)
(counts
mg−1)
Pink
1 -72.55 1645 -1.091×104 2.613×104 N/A
5 -298.4 6879 -4.663×104 1.133×1054 N/A
50 -493.6 1.078×104 -6.846×104 1.717×105 N/A
150 -297.7 7084 -5.053×104 1.433×105 N/A
250 -501.5 1.139×104 -7.745×104 1.890×105 N/A
Frosted
1 -133.3 2984 -1.983×104 5.155×104 N/A
5 -569.4 1.332×104 -9.335×104 2.448×105 N/A
50 -1066 2.531×104 -1.826×105 5.010×105 N/A
150 -1135 2.664×104 -1.856×105 4.632×105 N/A
250 969.5 2.152×104 -1.401×105 3.366×105 N/A
Rose
50 -24.69 72.0 -3945 9179 N/A
150 -30.10 646.9 -4052 9081 N/A
250 -41.1 877.7 -5366 1.135×104 N/A
Red
50 -5.657 126.5 -829.0 1849 N/A
150 -1.716 42.32 -317.3 969.3 N/A
250 -8.931 193.7 -1239 2626 N/A
Table 7.27: Coefficients for the fitting performed on residual TL response for ts,1 = 10-
11 weeks for fading for 3 months ≤ ts,2 ≤12 months time period, using Eqn. 4.21 to
4 s.f.; with units (counts mg−1 kGy−3), (counts mg−1 kGy−2), (counts mg−1 kGy−1) and
(counts mg−1) and (counts mg−1 kGy−2) for coefficients ω1, ω2, ω3 and ω4 respectively.
Applying the 3rd order polynomial applied as an alternative fit for the ts,1 fading
study and that of the fading study for one ts period in Section 7.3, the coefficients,
uncertainties and R2 values in Table 7.27 are produced. It important to emphasise
that the application of the 3rd order polynomial is not a proposed characterisation of
the fading occurring, but an attempt to fit the current data set. As can be seen from
the values displayed in Table 7.27 there is a lack of uncertainty in the coefficients and
no R2 values are calculated for these fits, as the number of coefficients is equal to that
of the number of data points to be fitted.
Nevertheless, it can be seen that for all bead colours and doses there is a
consistent decrease in the TL response. A likely explanation for this is that this is
close to the mean life-time, τshallow, of the shallower trap responsible for the TL
response at the 3 month fading period, this would result in a decrease in TL response
as it is most likely that electrons will have escaped their traps in this time period, this
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stands where ts,2 > τshallow. The later increase in TL response could be due to the
liberation of electrons trapped in deeper traps with longer mean life-times, τdeep,
recombining with the thermally active traps, as τdeep > τshallow; this could also be due
to the recombination of shallow traps whose electrons may have been liberated due to
thermal fading during ts,2.
These suggestions could be investigated by means of determining the activation
energy of the residual TL peaks by implementing the various heating rates method, as
completed in Section 6.1.2, or another suitable technique, see Section 4.3. If using the
various heating rate method it is worth considering increasing the final temperature
of the heat-cycle used for readout so a glow-curve can be obtained as a function of
temperature to at least the peak temperature. Increasing the temperature past 370 ◦C
may also show an increase in the TL intensity, compared with the data presented, as
more traps are likely to become thermally active if the temperature at the maximum,
TM , > 370 ◦C.
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Chapter 8
Conclusions
The conclusions presented in this Chapter summarise the conclusions from each study.
Concluding passages are introduced with section references for each study, intended
to assist navigation to the relevant results and discussion. The final Section of this
Chapter presents the overall highlights of the work, see Section 8.11.
8.1 Bead Composition
This section discusses the conclusions gathered in the material composition studies of
the beads, see Chapter 5, conducted using the SEM, with use of EDS and WDS, for
elemental composition and imaging and the Photo-spectrometer for the optical
investigations.
8.1.1 Scanning Electron Microscopy (SEM) - EDS and WDS
Studies
Section 5.1:
Microscopic images of the cross-sections of beads showed that the beads with a frosted
appearance had rough edges, likely to produce the desired finish of the Frosted and
Rose beads. In preliminary studies of Green beads localised grain-like features were
observed within the bead on a microscopic scale, approximately 0.5 µm in length. The
EDS facility of the SEM was used to determine the elemental composition of each bead
colour to identify the glass type and dopants producing the colour of different beads.
The EDS mapping feature was also used to determine any differences between the
grain-like features in the preliminary images for Green beads.
8.1.1.1 EDS
Section 5.1.2:
Through SEM studies it was confirmed that the beads are classed as soda-lime glass
due to high content of Na and Ca in (Karazi et al., 2017), see Table 5.1. Almost all
beads also contained; fluorine, which can be used to give a milky or opalescent finish
to glass, potassium, which can be used to enhance the mechanical properties of
211
glass (Guldiren et al., 2016) and aluminium, a common addition to soda-lime glass in
the form of alumina (Al2O3) to improve qualities of soda-lime glass such as viscosity,
density and chemical durability.
There was no difference in elemental composition observed in the EDS studies
between Pink annealed beads and Pink washed beads this, combined with the
observation of the pink colouring of the bead leeching into the nitric acid solution
during washing, suggests that these beads are dyed and their colour is not a result of
a doping element such as holmium, erbium or selenium.
Almost all beads with colours show evidence of doping elements used to achieve
the colour of the respective bead colour, except for Blue, Rose and Topaz beads. Some
elements gave an atomic composition of 0.0 % when using EDS, this indicated a trace
of the element that is below the detection limit of the EDS equipment. The elements
responsible for the colour of the beads and those that showed a trace of an element
using EDS were further analysed using WDS.
The mapping function was used to determine any differences in the elements that
compose the grain features and those of the surrounding bead mass. It was found that
the grain-like features contained no sodium where as the surrounding glass did. Tests
for silica and oxygen showed a slightly higher count rate for the grain features than
that of the surrounding bead mass. It has been concluded that the grain features are
localised formations of purer silica glass than that of the surrounding glass (containing
sodium).
8.1.1.2 WDS
Section 5.1.3:
Firstly, WDS measurements were taken for all beads for the identification of boron at
0.183 keV, as this emission was close to a Kα emission for chlorine, the chlorine peak
at 2.62 keV was also tested and showed no peak, hence boron was identified as the
element producing the peak at 0.183 keV.
In all beads sulphur was identified as a composite element by its Kα transmission of
2.309 keV. For the Topaz and Lime beads this may have been accurate as the colour of
these beads is expected to be attributed to the presence of sulphur with other elements
such as chromium, selenium or iron. However, for the remaining beads this was not
viable, hence after further analysis it was found that this peak emission was most
likely due to a sum of a silica peak and another element such as oxygen resulting in a
sum peak at 2.265 keV.
Further studies into the elements causing bead compositions confirmed that;
cadmium was present in the Yellow beads, zinc and sodium were present in the Lilac
beads, chromium was present in Lime beads and copper was present in Green beads.
However, some diffraction crystals had difficulty aligning when investigating certain
energy ranges using the EDS technique meaning that it was not possible to further
investigate the presence of; selenium or cadmium in Red beads; cobalt or copper in
Blue beads; selenium, erbium or holmium in Rose beads; or the confirmation for
sulphur or presence of iron or selenium in Topaz beads.
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8.1.2 Spectrophotometer Studies
Section 5.3:
The transmission spectra of all bead colours were obtained for a range of 200 nm to
2000 nm using the Cary 5000 Varian in an attempt to identify the absorption of light
due to self-attenuation. This investigation was conducted using beads ready for
irradiation, after cleaning and annealing, a summary of the main absorption and
transmission bands can be found in Table 8.1. Pink beads were also studied in an
attempt to characterise the colour change of the beads with increasing dose. The
spectra for the different doses were compared against a standard, defined by the
annealed bead spectra collected in the self-attenuation study.
8.1.2.1 Bead Fixing Technique and Experimental Set-up
Section 5.3.1:
Several bead fixing techniques were investigated before establishing which sample
holder should be used for the spectrophotometer studies, those explored were;
cuvettes, bead fixed to glass slides using either epoxy resin or super glue and a
custom-made shelf or pincer plate.
The cuvette technique worked well however a large number of beads were required
to fill the cuvette efficiently and the transmission % shifted for each reading due to
the random propagation of light through the many beads in the path of the incident
beam. The remaining techniques only required several beads to give an average of the
transmission spectra rather than > 100 for the cuvette method. The techniques that
involved fixing the beads to glass slides that could then be stuck to the plate using
tape were poor; either due to the glue or epoxy resin covering the bead and affecting
the transmission spectra or that they were weakly fixed to the glass slide and fell off.
The preferable technique was the custom-made pincer or shelf plate, with the pincer
proving an easier set-up to remove the bead without losing it in the spectrophotometer
or affecting the alignment of the aperture from readout to readout. Investigations
herein were conducted using the pincer custom-made plate.
8.1.2.2 Observations
Section 5.3.3.1:
It was observed that, even with the pincer plate method and no change in the alignment
of the aperture in the path of the beam and detector, the transmission % of the spectra
was shifted by a consistent % throughout the spectra, the extent of the uniform %
shift in transmission % varied for different readings. When consecutive spectra were
gathered without the removal and re-securing of the bead in the pincers the spectra
produced was identical of that of all spectra in this exact position of this exact bead.
The spectra of a bead compared with that of a different bead in a random orientation
was found to be equivalent as the spectra of the same bead replaced in a different
orientation. Hence, the transmission spectra herein were gathered from one bead of a
given colour and/or dose in different repeated in different random orientations.
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8.1.2.3 Self-attenuation
Section 5.3.3:
Considering the detection range of the Risø TL/OSL when using the filters, 250 nm ≤
λ≤ 400 nm, Frosted, Rose, Pink Lilac and Blue coloured beads show a fair transmission
%, relatively unchanged from the transmission % of the rest of the spectra. The bead
colours producing the largest transmission % in this region are likely to be Frosted,
Pink and Rose beads. In TL studies the beads that produce the largest TL response
are the Frosted and Pink beads followed by the Rose and then Blue beads.
Bead Colour
Transmission Band (nm) Absorption Band (nm)
Main Secondary Tertiary Main Secondary
Pink ≥ 350 N/A 200 - 260 N/A
Red ≥ 660 N/A 200 - 660 N/A
Topaz ≥ 650 300-410 N/A 300-650 N/A
Yellow ≥ 570 N/A 200-470 N/A
Lime 800-2000 440-600 N/A 440-800 200-350
Green 390-800 300-340 N/A 200-300 800-2000
Blue 270-550 536-594 594-642 1000-2000 400-730
Lilac 7 peaks identified, see Table 5.2 6 peaks identified, see Table 5.3
Rose 490-750 350-490 945-1190 200-350 800-2000
Frosted 625-690 945-1190 N/A 200-350 800-2000
Table 8.1: Summary of the absorption and transmission bands, in order of prominence
and to the nearest whole nm, identified in different coloured beads.
Further considering the TL studies, it was found that Lime and Green beads
repeatedly produce poor TL response in comparison to other bead colour, this could be
due to self-attenuation in the detecting range of 250 nm ≤ λ≤ 400 nm. As seen by the
absorption bands in Table 5.4 significant absorption for both Green and Lime beads
occurs in the detecting region of 250 nm ≤ λ ≤ 400 nm, though a small peak in
transmission is observed for Green beads for 300 nm ≤λ≤ 340 nm. This could suggest
that the potential range for the wavelength of TL emitted light to be is either confined
to; 250 nm ≤λ≤ 300 nm and 340 nm ≤λ≤ 400 nm, if the transmission peak for Green
beads is significant; or 250 nm ≤λ≤ 400 nm, if the transmission peak for Green beads
has a negligible effect.
Lilac beads showed absorption at 345 nm-357 nm, where as Topaz show a peak in
transmission at 300 to 410 nm differing from the self attenuation of Red and Yellow
beads in that transmission window. Suggesting the transmission occurs within
250 nm and 300 nm, here Red Topaz and Yellow beads all show a high absorption.
The absorption for the aforementioned bead colours in this region could be relatively
larger than Green and Lime beads as there is a large shift of the transmission % from
spectra to spectra, let alone for different bead colours. In this region, Blue and Lilac
have a relatively high transmission % and Pink, Frosted and Rose beads have an even
larger relative transmission %, where as Green and Lime beads show a high level of
absorption.
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A potential transmission range of 250 nm ≤ λ ≤ 300 nm encompasses a variety
of potential luminescence centres all emitting in the UV range, as discussed by Salh
(2011). The most likely defects to occur in the glass beads to cause emission in this
energy range are due to either Si excess defects, ODC singlet-singlet transition or Si
implantation.
8.1.2.4 Colour Change by Dose
Section 5.3.4:
Due to an error in the beam alignment of the spectrophotometer a limited number of
doses for Pink beads were investigated; Control, Annealed, 1 kGy, 5 kGy, 50 kGy,
150 kGy, 225 kGy and 250 kGy, in the investigation to characterise the colour change
of beads with increasing radiation dose. Primarily, the transmission spectra of the
Control and Annealed beads were compared to determine whether there was a
difference in the spectra of the two bead types that received an effective dose of 0 Gy.
It was found that the only difference observed between spectra was the relative
transmission % between the spectra, as discussed earlier this is not a valid difference
between spectra due to the uniform shift in transmission % from spectra to spectra.
The two spectra for the 0 Gy dose were found to be identical when considering the
current limitation of this measuring technique.
It was found that the 1 kGy and 5 kGy spectra were different than the Control and
Annealed spectra however indistinguishable from one another, this put a limit on the
difference in characteristics of the spectra of dose of 5 kGy for doses in this region.
The same effect was observed for 225 kGy and 250 kGy spectra setting a limitation for
identifiable differences in the spectra to 25 kGy for the high dose end of the spectra.
Differences were observed in the spectra when comparing 5 kGy, 50 kGy, 150 kGy and
225 kGy, most noticeably due to the difference of the differential of the transmission
% with respect to the wavelength, λ, d/dλ for a given dose than from the differential of
the 0 Gy spectra. This correlation showed that the maximum variation of d/dλ for a dose
compared to the 0 Gy spectra occurred in the optical range of 250 nm ≤ λ ≤ 800 nm.
The maximum value of d/dλ was consistently found for the 50 kGy dose with increasing
d/dλ for increasing doses < 50 kGy and decreasing d/dλ for increasing doses > 50 kGy, as
shown in Figure 5.39. It was also found, in the TL studies, that the dose for which the
Pink beads produced the highest TL response was 50 kGy before the a linear decline
in the TL response was observed, likely due to radiation damage or self-annealing; it
is possible that the same effects are observed when characterising the colour change in
the beads by spectrophotometry.
8.2 Glow-curves
Section 6.1:
Glow-curves of different coloured beads were found to vary in appearance due to the
difference in glow-peaks and population of recombination processes. This was also
observed for increasing doses, discussed in further detail in 8.8.
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8.3 Glow-curves
Section 6.1:
Glow-curves of different coloured beads were found to vary in appearance due to the
difference in glow-peaks and population of recombination processes. This was also
observed for increasing doses, discussed in further detail in 8.8.
8.3.1 Peak Analysis
Section 6.1.1:
Pink and Red beads irradiated by the Alurtron source were found to have two
glow-peaks in their respective glow-curves, with the 2nd glow-peak becoming more
evident at higher doses and more prominent in Red beads than the Pink beads. The
temperature at which the maximum TL response occured, TM , for the 1st glow-peak
was analysed for both bead colours where a single glow-peak was dominant or
identifiable in the glow-curve.
Red beads was calculated to have TM = (260 ± 4) ◦C, with the error calculated by the
standard deviation. Evaluating the data presented in Figures 6.1c & 6.2, with glow-
curves plotted as a function of time and temperature respectively, it was determined
that TM of the 2nd glow-peak for Red beads was ≥ 370 ◦C.
For Pink beads TM was calculated to be (291 ± 2) ◦C, when calculating error by the
standard deviation. This showed a difference in TM for different bead colours, this
could be due to a weighting of one or more higher temperature glow-peaks shifting the
suspected single glow-peak to a higher temperature. Alternatively, if this is the true
value of TM for the 1st glow-peak of Pink beads, could suggest that different
activation energies, E, occur in different coloured beads, implying different
recombination processes.
Pink beads were also analysed for β irradiation at low doses, 5 to 20 Gy, where
the value of TM was relatively constant at (296 ± 5) ◦C. This suggests that at low
doses there is only one glow-peak present in the glow-peak of Pink beads. The value
of TM calculated for the β irradiations is also in agreement with the value calculated
due to Alurtron irradiations, this suggests that the temperature at which TM occurs is
independent of dose, further supporting the notion that the shift in glow-peak at high
doses is due to the population of additional recombination process(es) at temperatures
higher than ∼ 291 ◦C.
Pink and Red bead glow-curves were also analysed from the neutron irradiation
studies. Glow-peaks of two different irradiation sources, neutron only and neutron and
gamma, and two different heat cycles were analysed. Though TM for heat cycles with a
final temperature of 400 ◦C were calculated, see Table 6.2, they will not be discussed as
only one glow-curve for each irradiation source was taken. Pink beads were calculated
to have TM = (300 ± 5) ◦C for the neutron only source and TM = (299 ± 4) ◦C for neutron
and photon source. This verified that the 1st, and most likely all, Pink glow-peaks are
independent of the dose and irradiation source.
However, Red beads showed a disparity in the values of TM when compared to the
Alurtron results, as TM = (286 ± 7) ◦C for the neutron only source and TM = (283 ± 9) ◦C
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for neutron and photon source. The minimum difference in TM from the Alurtron
study was ∼ 10 ◦C, considering uncertainties. Though it is important to note that the
Red beads were activated during the irradiation, this could have changed the nature
of their glow-curve as; (1) they may have been subject to self dosing as they were
radioactive, (2) the activation could have altered a recombination centre affecting the
recombination process and hence the glow-curve, (3) they were stored for a significant
amount of time before they were able to be read-out, fading effects could have affected
the dominant recombination occurring during read-out.
It can be said for Pink beads that the shape of a glow-peak is independent of the
type of radiation used to deliver the dose. Evidence from the Alurtron irradiated
glow-curves of Red beads suggests that TM is also independent of the dose. Further
work is needed to verify the behaviour of glow-peak temperatures and shapes for
different irradiation sources and varying doses for different bead colours, outlined in
Section 9.4.1.
8.3.2 Order of Kinetics, b
The order of kinetics was evaluated in two main ways in these studies; the first
critically evaluates the Kirsh method in the calculation of the order of kinetics, where
the second calculates the order of kinetics using the aforementioned method.
8.3.2.1 Critical Review
Section 2.3.3:
The Kirsh method determines the order of kinetics, b, as the intercept of a linear plot
and the activation energy E can be determined from the gradient of the resulting
straight line defined by
∆ ln(I)
∆ ln(n/n0)
= b−
(E
k
)( ∆(1/T)
∆ ln(n/n0)
)
(4.10)
evaluated with the use of the expression
n
n0
= 1
β
∫ T f
T
I(T ′)dT ′
where I is the intensity at a time t, n is the number of occupied electron traps,
n0 is the number of occupied electron traps at time t = 0, E is the activation energy
and k is the Boltzmann constant, T is the temperature, β is the heating rate, T ′ is
the temperature for the integration expression and T f is the final temperature of the
glow-peak (Singh et al, 1998). This technique was tested for determining the values
of both E and b in Section 2.3.3 by means of evaluating a simulated glow-curve with
known b and E values.
It was determined that the calculated value for b was more sensitive to uncertainty
than that of E when applying different fitting techniques and using different glow-peak
parameters for calculating the simulated data. The largest sensitivity was found to be
the region of the glow-curve that was evaluated and plotted to calculate both E and b
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and the proximity of data points to one another. The most consistent definition for the
tangent best fitting to the Kirsh method was defined as the region confined by 1/4Imax
and 3/4Imax. It should also be noted that as the success of this method in determining
the order of kinetics is dependent on the gradient, fitting type and the section of the
glow-peak analysed it is likely to cause an unnquatified systematic error.
It was observed that varying the heating rate, β, when applying the Kirsh method
to calculate the order of kinetics, b has an effect on the accuracy of the Kirsh method.
This was observed by simulating glow-peaks with b = 1.8 (denoted as bsim) and then
applying the Kirsh method to the glow-peaks and calculating the order of kinetics, this
value denoted as bk. It was found that the intercept, giving the value of bk, of the
linear fit proposed by this method did not give bk = bsim. However, when applying
a linear fit to the hetaing rate and the intercept calculated using the Kirsk method
(bk) for each of the heating rates studied, the intercept of f (β) is equal to that of bsim
for all three fitting techniques applied. The dependence of bk was also tested for the
frequency factor, s, though no obvious correlation was found between log10(s) and bk.
8.3.2.2 Calculation
Section 6.1.2:
The Kirsh method was applied to glow-curves of different irradiation sources, doses
and beads of different colours to calculate the order of kinetics, b, and the activation
energy, E, simultaneously.
Dose (kGy)
Order of kinetics, b (no units)
Glow-curve Type
Original Smoothed
5 4±2 3.0±0.6
10 2±1 2.9±0.7
15 3.4±0.8 3.1±0.4
20 3.5±0.6 3.0±0.2
Table 8.2: Summary of the order of kinetics calculated using the Kirsh method for Pink
beads irradiated by the Sr90/Y90 source to 5, 10, 15 and 20 Gy. Uncertainty calculated
by the standard deviation of the calculated values.
The results in Table 8.2 shows no dose dependence on beta irradiated beads in the
dose range of 5 to 20 Gy. This data also shows that for this dose range the smoothed
glow-curve technique produces a smaller uncertainty in the calculated value of b. The
overall average value of the order of kinetics across this dose range and for both glow-
curve type was found to be 3±1. The overall average value of the order of kinetics
across this dose range and for both glow-curve type was found to be b = 3±1.
The bead colours that showed the smallest uncertainty in the calculation of b were
the Pink and Frosted beads, as shown in Table 8.3, with the smoothed glow-curves
showing a smaller uncertainty in the calculated average value than that of the
original glow-curve. Lilac beads showed the largest uncertainty in the calculated
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Order of kinetics, b (no units)
Glow-curve Type
Bead Colour Original Smoothed
Pink 3.17±0.4 3.17±0.2
Red 5±3 3.2±0.5
Topaz 4±6 2±1
Yellow 3±2 3.1±0.7
Blue 2±1 3.0±0.6
Lilac 21±16 5±2
Rose 3±2 3.0±0.6
Frosted 3.3±0.2 3.5±0.01
Table 8.3: Summary of the order of kinetics calculated using the Kirsh method for all
bead colours irradiated by the Alurtron source to 1 kGy. Uncertainty calculated by the
standard deviation of the calculated values.
value of b with values ranging from 0.614 to 44.6 for the original glow-curves and 1.54
to 9.72 for the smoothed glow-curves. The reduction in the uncertainty due to the
smoothing of the glow-curve suggests that the large uncertainty in the average is due
to the extent to which the noise is prominent in these glow-curves; especially when
compared to other colours as Pink and Frosted beads have shown the smoothest
original glow-curves consistently.
When considering the uncertainty of all bead colours, except Lilac, the calculated
values of b align. Though, the range of orders of kinetics could suggest that different
bead colours follow different orders of kinetics. If the variation were to occur just in
the value of b across bead colours with reasonable associated uncertainty, it could
indicate a varying order of kinetics from bead to bead, possibly due to the distribution
of trapped electrons relative to recombination centres and other potential traps. A
variation of both E and b between different bead colours could indicate that the
difference in dopants between bead colours has an affect on the uniformity of electron
traps and recombination centres. This would affect the order of kinetics by affecting
the facilitation of re-trapping and would affect E by creating or irradiating the
presence of different traps, leading to the requirement of different activation energies.
8.3.3 Activation Energy, E
Section 6.1.2:
The various heating rates and the Kirsh method were applied to glow-curves of
different irradiation sources, doses and beads of different colours to calculate the
activation energy, E.
Firstly, the various heating rate method was used in the form of Equation 4.2,
resulting in a graphical fit of the data for the calculation of b and Equation 4.2.
Equation 4.2 was applied to 5 different heating rates of Pink beads readout for a dose
of 20 Gy (as this dose had the highest signal to noise ratio), resulting in
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E = (0.14±0.01) eV. This value is within the literature value for the activation energy
required for an electron in an OCDII defect to transition to an OCDI defect associated
with a triplet-singlet transition of Si, producing a luminescence in the range of
451-460 nm when recombination occurs (Salh, 2011). Luminescence emitted at this
wavelength would result in self attenuation from Red, Topaz, Yellow, Lime and Green
beads, resulting in a reduced detected signal in comparison to unaffected beads.
Glow-curves of Frosted beads irradiated with 20 Gy were analysed using
Equation 4.2 as only two heating rates were used for the readout cycles, giving
E = (0.19±0.03) eV. This technique was also applied to the Pink beads with the
corresponding heating rates, calculating E = (0.18±0.03) eV. The calculated values of
E all fall with the range of uncertainty for one another, though the graphical fit
technique shows a smaller uncertainty most likely due to the larger data set used for
the calculation of the result.
The second technique used to calculate the activation energy E was the Kirsh
method. Three different robust fitting types were applied to the analysed data of
original and smoothed glow-curves. This technique was applied to glow-curves of Pink
beads irradiated with a range of doses delivered by the Sr90/Y90 source, Table 8.4, and
all bead colours for a dose of 1 kGy delivered by the Alurtron source, Table 8.5.
Dose (kGy)
Activation Energy, E (eV)
Glow-curve Type
Original Smoothed
5 0.18±0.04 0.15±0.01
10 0.15±0.03 0.15±0.01
15 0.17±0.02 0.162±0.007
20 0.17±0.01 0.155±0.004
Table 8.4: Summary of the activation energy calculated using the Kirsh method for
Pink beads irradiated by the Sr90/Y90 source to 5, 10, 15 and 20 Gy. Uncertainty
calculated by the standard deviation of the calculated values.
The results in Table 8.4 shows no dose dependence on beta irradiated beads in the
dose range of 5 to 20 Gy. This data also shows that for this dose range the smoothed
glow-curve technique produces a smaller uncertainty in the calculated value of E.
Averaging only the calculated values that cohere with the range of E calculated using
the graph fitting various heating rate method gives E = (0.143±0.006) eV.
Comparing the calculated values that agreed with the calculated range of the
activation energy using the various heating rates method 0.13 to 0.21 eV, 91.6 %
values calculated using the Kirsh method were found to be in this range. The overall
average value of the activation energy across this dose range and for both glow-curve
type was found to be E = (0.16±0.02) eV.
The bead colours that showed the smallest uncertainty in the calculation of E were
the Pink and Frosted beads, as shown in Table 8.5, with the smoothed glow-curves
showing a smaller uncertainty in the calculated average value than that of the original
glow-curve. Lilac beads showed the largest uncertainty in the calculated value of E due
220
Activation Energy, E (eV)
Glow-curve Type
Bead Colour Original Smoothed
Pink 0.241 ± 0.007 0.24 ± 0.01
Red 0.27±0.07 0.23± 0.02
Topaz 0.3± 0.1 0.22± 0.03
Yellow 0.25± 0.06 0.26± 0.02
Blue 0.24± 0.04 0.025± 0.02
Lilac 0.6± 0.3 0.25± 0.05
Rose 0.24± 0.03 0.024± 0.02
Frosted 0.243± 0.007 0.245± 0.002
Table 8.5: Summary of the activation energy calculated using the Kirsh method for all
bead colours irradiated by the Alurtron source to 1 kGy. Uncertainty calculated by the
standard deviation of the calculated values.
to the low signal to noise ratio of Lilac glow-curves, as discussed in the calculation for
b.
Comparing the values of E for Pink and Frosted beads using both techniques the
values do not agree with one another. This could be due to a difference in the
glow-curves for different irradiation sources and doses, resulting in different traps
begin filled during irradiation therefore requiring a different activation energy for
luminescence to occur. The filters used in the Riø TL/OSL reader could also have an
affect by reducing the intensity of certain wavelengths more than others, ultimately
affecting the shape of the glow-curve and hence the accuracy of the Kirsh technique.
Considering the aforementioned sources of uncertainty and that E is calculated
from the gradient in the plots attained by applying the Kirsh method, it should be
considered that these uncertainties could likely contribute to an unidentified
systematic error in the calculation of b, using this technique.
8.3.4 Pre-exponential Factor, s
Section 6.1.3:
The pre-exponential factor, or frequency factor depending on the order of kinetics the
glow-peak is bound to, s, was derived using two methods for Pink beads irradiated by
Sr90/ Y90 β source; the Various Heating Rate method and the Condition at the
Maximum method. Using the former s was calculated to be 66.1 ± 0.9 s−1, compared
to expected literature values of 105 to 1013 (Chen et al., 1981), seeming to be
inaccurate.
Calculating s using Equation 2.55, derived from the Conditions at the Maximum,
s = (1.01 ± 0.03)×109 s−1, with the main source of error coming from the temperature
term. Considering the error in the mean across the averaged data, gives a larger range
of values for s of = (1.01 ± 0.06)×109 s−1, both of these values are in agreement with
those expected from literature (Chen et al., 1981).
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8.4 Homogeneity
Section 6.2:
The homogeneity of glass beads was tested across different batches and doses giving a
total of 96 values for the variation in TL response to be averaged for each bead colour,
data displayed in Table 6.8.
The beads that produced the best homogeneity were Pink beads followed closely by
Frosted beads of ± 4.24 % and ± 4.86 % respectively. The Pink beads also had a more
consistent TL variation than the Frosted beads with the error in the mean calculated
to be 0.999 % of the calculated average TL variation, compared to that of 1.05 % for
Frosted beads. The average calculated variation in TL response for these coloured
beads is of the same order as in the literature for current TLD materials such as TLD-
100 chips, of variations up to ± 5.13 % (da Rosa et al., 1999; Sadeghi et al., 2015; Waqar
et al., 2017).
Red, Topaz and Yellow beads are also comparable to these values, specifically to
that calculated by Jafari et al. (2014a), both having average variations in TL response
≤ ± 6.82 %. Bead colours that showed the poorest homogeneity in TL response were
Green and Lime beads with the average variation in TL response calculated to be
± 51.7 % and ± 47.0 % respectively; these variations were determined to be fairly
consistent due to the error in the mean across the entire data set of 1.44 % and 1.63 %
of the calculated variation for Green and Lime beads respectively.
8.5 Neutron Response
Section 6.4:
Preliminary studies for the TL response of Pink, Frosted and Red beads produced
after neutron irradiation were conducted in collaboration with the University of the
West Indies. Beads were exposed to calculated doses of 6.9 Gy of thermal neutrons for
shielded bead groups and an additional 0.53 Gy of photon dose for unshielded bead
groups. Filters were needed when reading out Pink and Frosted beads due to the
observed saturation of the TL response without filters present, though Red beads
were read-out without the use of filters; due to this the TL response of Red beads
could not be directly compared to the responses of Pink and Frosted beads. After
irradiation it was found that the Red beads were radioactive and had to be stored
before shipping for read-out.
All beads showed TL responses for both exposures with the Pink and Frosted beads
producing a larger TL response for unshielded beads than those that were shielded.
However, Red beads showed a larger TL response for shielded beads, this could be due
to the activation of the Red beads and how self-dose or the prolonged storage time could
have affected the TL response.
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8.6 Variation in Bead Type
8.6.1 Colour Dependent Response
Section 6.3.1:
Comparing studies from all bead manufacturers and irradiation sources, it was found
that Green and Lime beads consistently produced poor glow-curves with low signal to
noise ratios. Beads with colourless appearances have consistently shown the largest
TL response, such as Frosted beads and Pink beads that have lost their colour during
the cleaning process. All experiments conducted considered a variety of coloured beads
and colour specific findings are detailed in later Sections.
8.6.2 Difference in Bead Manufacturer
Section 6.3.2:
Essentially stemming from the material content of the beads but likely to be affected
by the quality and control of production, preliminary studies conducted a comparison
in TL response between two bead manufacturers: Mill Hill (Japan) and Toho (Czech
Republic). A variety of bead colours and effects (frosted or transparent), with most
frosted beads supplied by Toho (Czech Republic), were irradiated with an X-ray dose of
10 kGy.
When comparing like for like beads, it was found that Mill Hill (Japan) beads
produced the largest TL response for Frosted beads, though Toho (Czech Republic)
produced the largest TL response for Blue Transparent beads. However, Mill Hill
(Japan) beads produced more homogeneous beads.
8.7 Reproducibility
Section 7.2:
Glass beads have shown the potential for producing a reproducible TL response, though
due to the sensitization effect observed more data is needed to study the extent of the
effect. Further studies are needed to fully test the accuracy of individual glass beads
for several annealing, irradiation and readout cycles. By investigating; a range of pre-
annealing doses (Jain et al., 1975) and delays between irradiation and readout, both
over a range of doses (Cameron, 1968) and for a number of irradiation cycles Sadeghi
et al. (2015) a greater understanding and consideration of the sensitization effect can
be achieved.
8.8 Dose Response
8.8.1 Beta Sr90/Y90
Section 7.1.1:
The TL response as a function of dose was investigated for 4 doses of 5,10,15 and 20 Gy
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irradiated using the Sr90/Y90 β source in the Risø TL/OSL reader.
8.8.1.1 Mill Hill (Japan)
Different colours of Mill Hil (Japan) beads were studied for their response as a function
of dose. All bead colours, except Green beads, showed a linear correlation between the
TL response and irradiation dose. The total TL response used for the linearity was
calculated for increasing temperature only and cut as the hold in temperature of the
heat-cycle began.
Colourless beads produced the largest TL responses for each dose and good
compliance to the fits applied; Clear, Frosted and Clear Petite beads showed R2 values
of 0.961, 0.964, and 0.984 respectively. All beads produced R2 values ≥ 0.925, with
Green beads showing the poorest fit, excluding the Green beads the smallest R2 value
was 0.951 for Dark Blue beads. The gradients varied from 24.7 counts mg−1Gy−1 for
Dark Blue beads to 6059.5 counts mg−1Gy−1 for Clear Petite beads.
8.8.1.2 Toho (Japan)
Pink beads from the manufacturer Toho (Japan) were investigated for their TL
response as a function of dose. The glow-curves produced were uniform for all doses
except for 2 glow-curves of the 20 Gy irradiations, this may have been due to an effect
that changes the luminescence produced of specific planchet positions in the reader.
As seen in the glow-curves after background subtraction an artefact of the planchet
luminescence was still present. Hence the total TL response used for the linearity was
calculated in two ways. Firstly, the whole glow-curve was integrated for the total TL
response. Secondly, in comparison with the Mill Hill (Japan) beads study, the total
TL response was only calculated for increasing temperature. The Pink (Toho) Japan
beads also showed linear correlations between TL response and dose, for both methods
of determining the total TL response. The R2 values produced for each method, all
data and up to t f inal , were 0.9979 and 1.0000 respectively. The gradient for the whole
glow-curve technique was 3605 counts mg−1Gy−1 and 186.1 counts mg−1Gy−1 for the
glow-curve up to T f inal with respective errors of 2.660 % and 0.179 %.
8.8.2 Alurtron
Section 7.1.2:
All bead colours of the Toho (Japan) beads were investigated for their TL response as a
function of dose for 1 kGy to 250 kGy, analysed by applying a weighted fit considering
the error in the mean for the TL response at each dose.
Two different correlations were observed, the first fitted by an exponential increase
to a plateau, defined by
f (D)= A(1−exp(B×D)) (4.13)
where A and B are constants. The bead colours that showed this correlation were
Topaz, Lilac and Red. Each of these beads had good compliance with the fit applied
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producing R2 values of 0.976, 0.967 and 0.945 for Topaz, Lilac and Red coloured beads
respectively. Topaz and Lilac beads had similar values of b, (-0.038 ± 0.002) kGy−1
and (-0.036 ± 0.002) kGy−1 respectively, suggesting that the rate at which the these
bead colours reach the plateau in TL response with response to dose is the same. In
comparison b = (-0.05544 ± 0.004) kGy−1 for Red beads, suggesting that the rate at
which the TL response is quicker with an increasing dose than that of the Lilac and
Topaz beads.
The second correlation observed is defined by Equation 4.13 to a maximum TL
response, refereed to as a peak dose, for doses greater than this peak dose a linear
correlation was fitted, defined by
f (D)= (G×D)+H (4.14)
where G and H are also constants. The bead colours that showed the two
correlations over this dose range were Pink, Frosted, Rose, Yellow and Blue. Pink,
Frosted and Rose beads had peak doses that occurred at 50 kGy, where as the peak in
TL response for Blue and Yellow beads occurred at 100 kGy.
The R2 value of the exponential fits for Pink, Frosted, Yellow Rose and Blue beads
were 0.978, 0.980, 0.987, and 0.908 respectively, and 0.930, 0.937, 0.789, 0.450 and
0.219 for the linear fits respectively. The poor R2 value for Blue beads is due to the
large error in the TL response and hence the coefficients used for the fit. It is possible
that the rate at which the plateau TL response is reached for Pink and Frosted beads
is the same when considering B = (-0.14 ± 0.01) kGy−1 and B = (-0.16 ± 0.01) kGy−1,
respectively.
Though Pink, Frosted, Yellow Rose and Blue beads all showed a maximum in the
TL response followed by a linear decrease with increasing dose, the dose at which this
occurred varied for different bead colours. Pink, Frosted, an Rose beads showed a
maximum TL response at 50 kGy, where as Blue and Yellow beads showed this
maximum at 100 kGy.
Red, Topaz and Lilac beads were found to show similar correlations for the TL
response as a function of dose to one another, displaying a plateau in TL response for
doses > ∼100 kGy. This is confirmed with the value for coefficient A for the Red and
Topaz beads being within 1.5 %. Comparing the B coefficient for the Topaz and Lilac
beads shows that the rate at which the plateau in TL response occurs, with respect to
dose, can be considered the same as one another when accounting for the uncertainty
in the calculated values.
Green and Lime beads showed no correlation between the TL response and the
irradiation dose.
8.8.2.1 Peak Ratios
Section 7.1.2.1:
Red beads irradiated using the Alurtron source showed a distinct double glow-peak
glow-curve for all doses, though deconvolution was not implemented it was possible to
evaluate the two glow-peaks at doses ≥ 30 kGy.
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The ratio of the 1st glow-peak to the 2nd glow-peak was suitably fitted by an
exponential decay, Equation 4.16 and exponent fit, Equation 4.17. The exponential fit
produced coefficients with smaller percentage uncertainties than that of the power fit,
though a slightly poorer compliance with the data with R2 = 0.9882, R2 = 0.9933 for
the power fit. Coefficient φ2 of the exponential decay fit indicated a plateau of the
ratio of the TL response of the two glow-peaks, for φ2 = 0.99 ± 0.01, though it is likely
this behaviour could change if higher doses were investigated or different heat-cycles
used in the read-out.
The correlation of the maximum TL response for each glow-peak in the Red
glow-curve was studied as a function of increasing dose and fitted with the weighted
fits applied to the overall TL response for the entire glow-curve. The fit applied to the
1st glow-peak was achieved by the exponential (Equation 4.13) and linear decrease
(Equation 4.14) fits and showed a maximum in the TL response at 100 kGy, similar to
that of the Blue and Yellow beads in the overall TL response study previously,
Table 7.5. Where as the fit applied to the 2nd glow peak was the exponential fit only
(Equation 4.13), showing the same behaviour as Read beads did for the overall TL
response fitting, Table 7.5.
Recalling that the coefficients were calculated using a restricted data set when
compared to those in Table 7.5 and that the identification of TL response could be
improved by deconvolution of the glow-peaks from the glow-curve, the rate of
exponential increase with respect to dose for the 1st glow-peak, BP was found to be
comparable to the one calculated for the overall TL response of Red beads, with B
displayed in Table 7.5. These values were calculated to be BP = (-0.06 ± 0.02) kGy−1
and B = (-0.055 ± 0.004) kGy−1.
However, the value of BP for the 2nd glow-peak was calculated to be
(-0.0308 ± 0.0007) kGy−1, not in agreement with either previously calculated value of
the rate of increase with respect to dose. This supports the theory that the 2nd
glow-peak occurs to a recombination process that is less energetically favourable and
hence less probable than the process that facilitates the 1st glow-peak in the
glow-curve. The 2nd recombination process is observed to become more likely at
higher doses expected to be due to the saturation of recombination centres facilitating
the 1st glow-peak.
8.9 Fading
Section 7.3:
The effects of fading studied in literature Kitis & Furetta (1997) have shown that
fading can be fitted to an exponential decay for first-order kinetics, Equation 2.68, and
a hyperbolic correlation for second order kinetics, Equation 2.70,
Φ(ts)=Φ0 exp(−λts) (2.68)
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Φ(ts)=
Φ0
[1+Φ0λ′ts]
(2.70)
where Φ is the glow-peak / glow-curve area , ts is the storage time or fading time
Φ0 is the glow-peak / glow-curve area at ts = 0 and λ and λ′ are the decay constants for
the first order and second order equations respectively.
8.9.1 β Sr90/Y90
Section 7.3.1:
Mill Hill Japan beads were investigated for a period of 1 min ≤ ts ≤ 70 hours to
investigate the effect of fading for 2 different doses, 5 Gy and 20 Gy. The glow-curves
showed a uniform decrease in the TL response for the entire temperature range
during readout. The effect of fading was more significant within 1 hour after
irradiation showing a decrease in TL response of ∼10 %. For ts > 18 hours a plateau
in the % of original TL response is observed, when considering the uncertainty,
occurring at a 17 % loss in TL response for 5 Gy and 22 % loss for 20 Gy.
Though an exponential decay correlation appropriately fits the data for both 5 Gy
and 20 Gy fading, a logarithmic fit was also applied as it produced a greater fit, both
fits applied were defined as
TL%(ts)=ϕ1×exp(−λts)+ϕ2 (7.3)
TL%(ts)= ζ1 [ln(ζ2ts)]+ζ3 (7.4)
where TL% is the percentage of the TL response measured immediately after
irradiation (effectively t=0 s), ϕ1, ϕ2, ζ1, ζ2 and ζ3 are all constants and λ is the decay
constant of the fading. It was found that the logarithmic fits gave R2 values of 0.995
and 0.993 for 5 and 20 Gy respectively, where as the exponential decay fits gave R2
values of 0.916 and 0.929 for 5 Gy and 20 Gy respectively, it was also found that the
coefficients for the logarithmic had a significantly lower uncertainty in their
calculation. The decay constant λ calculated for both doses were in agreement with
each other with value of (0.005 ± 0.002) s−1 and (0.006 ± 0.002) s−1 for 5 Gy and
20 Gy respectively.
8.9.2 Alurtron
Section 7.3.2:
Two different fading periods were studied for Toho Japan beads irradiated by the
Alurtron high energy electron beam. The first study is a detailed study of 18 doses for
a comparison between two storage times, ts = 3 weeks and ts = 6 months. The second
study investigated the fading effect of 5 doses at 5 storage times, ts in the period
3 weeks ≤ ts ≤ 16 months.
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8.9.2.1 ts = 3 weeks & 6 months
Section 7.3.2.1:
Green and Lime beads were still found to produce a poor TL response after
ts = 6 months so were not analysed in the rest of the fading investigations. The first
method of analysis for this fading time was the evaluation of the percentage change in
the TL response from that of the TL response produced after readout when
ts = 3 weeks. As a percentage across all doses measured, the largest percentage
decrease was produced by Topaz beads, at 57.71 %, where as the smallest decrease
was 80.67 % for frosted beads.
The second study evaluated the change in the dose correlation coefficient when
compared to those for the ts = 3 weeks fits. It was found that the Pink beads showed the
best compliance to the exponential fit, though Frosted beads showed the best overall
compliance to both the exponential fit and the linear fit as well as smaller percentage
uncertainties in the coefficients determine for the applied fits.
Topaz beads showed the largest percentage change in coefficient A, representing
the plateau TL response, of 40.45 % change from A measured at ts = 3 weeks.
Excluding the Topaz beads, the TL response of the plateau reduces by an average of
25.1 ± 0.9 %, when comparing beads with the same fit for both readouts and
27.7 ± 0.7 % when comparing all bead colours, with the uncertainty calculated as the
error in the mean. The B coefficients for Pink, Frosted and Topaz beads agreed with
the values calculated for ts = 3 week, when considering the uncertainties. This
implies that the rate at which the TL response reaches the plateau (coefficient a) with
respect to the dose, is independent of the storage time ts. However, this was not the
case for Red and Lilac beads and a similar comparison could not be made for Blue,
Yellow and Rose beads as the type of correlation they followed changed for the
different storage times.
It was found that the fading effect was more significant at larger doses for Yellow,
Blue and Rose beads, due to the G coefficient being larger for the ts 6 month dose fit
than the ts = 3 week fit. This implies an increased probability that these bead colours
reach a plateau in TL response with an increasing length of storage, ts. Considering
the mechanics of the thermoluminescence, this suggests a relative increase in the
population of shallower thermally active traps relative to the probability of cascading
at lower doses, as a result of filling shallower traps from deeper thermally inactive
traps that are not activated in the readout, eventually producing the observed
plateaus in TL response.
8.9.2.2 3 weeks ≤ ts ≤ 16 months
Section 7.3.2.2:
This study focused on the fading of the TL response of all bead colours for a maximum
ts = 16 months for 1, 5, 50, 150 & 250 kGy irradiation doses. As in previous studies,
Green and Lime beads produced poor TL responses, hence it was not possible to analyse
the fading effect fro these bead colours at any dose. It was observed that different
bead colours showed different fading responses, none of which seemed to match an
228
exponential decay or hyperbolic correlation, this is supported by the change in the dose
correlation in the previous section for different bead colours. Therefore, different fits
were applied to different bead colours, the two fits used were;
• a 2nd order polynomial fit defined as
f (ts)=Ω1−
(
Ω2× t2s
)
(4.20)
• a 3rd order polynomial
f (ts)=ω1t3s +ω2t2s +ω3ts+ω4 (4.21)
where, Ω1, Ω2, ω1, ω2, ω3 and ω4 are all constants, with the weights calculated as
the error in the mean for each data point.
Pink beads were the bead colour that showed the best compliance to the 2nd order
polynomial fit 0.962 ≤ R2 ≤ 0.986. Followed by Frosted beads also seemed to show
good compliance with this fit, R2 ≥ 0.851 for all doses other than 150 kGy which gave
R2 = 0.641. Of the two fits applied the 3rd order polynomial fit showed the best
agreement with the data for all bead colours and doses, except for the Frosted beads,
as shown by the greater values when comparing R2 values. Evaluating the R2 values
for Pink beads with the 3rd order polynomial fit applied, R2 ≥ 0.9517 for all doses.
However, the percentage uncertainty in the calculated coefficients was large due to
the degrees of freedom of the fit compared to the number of data points, considerably
larger than the uncertainties observed for the 2nd order polynomial fit. For both fits
and all colours, except Topaz, the dose of 150 kGy showed the poorest agreement to
the data set, always with a consistently poorer R2 value than other doses.
Peak Ratios
Paragraph in Section 7.3.2.2:
As part of the fading study for ts ≤ 16 months, the glow-peak ratios of Red beads were
studied. Only Red beads were studied as they were the only bead colours that
produced glow-curves with two easily identifiable glow-peaks at doses ≥ 50 kGy. It
was found that the ratio of the peak TL response of the 2nd glow-peak, normalised to
the maximum TL response produced by the 1st glow-peak in the glow-curve, could be
fitted by a logarithmic fit as well as the exponential decay applied to the beta fading
percentages and that of the literature (Kitis & Furetta, 1997). Though the data
showed a higher level of compliance with the logarithmic fit the comparisons of the
exponential fit were more practical when evaluating possible parameters and
characteristics specific to the glow-curve.
For the 3 doses the glow-peak ratios were evaluated for, the coefficient λ for the
exponential fit represented the decay constant of the TL response over the storage
period, but applied to the ratio of glow-peaks rather than the TL response. λ was in
agreement for all doses when considering the uncertainty, this suggests that the fading
for the ratio between the two maxima in TL response of each glow-peak is constant,
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independent of the dose. Though investigations would need to be completed to confirm
this is not a special case for the glow-peaks present in the glow-curve for Red beads by
deconvolving glow-curves and analysing respective glow-peaks of other bead colours at
a variety of doses.
The fading for the maximum TL response of each glow-peak was then studied,
though it should be noted that the uncertainty of the maximum TL response may not
be as accurate as calculated as deconvolution was not executed; it is possible that the
identified TL response could be a product of the TL response from both glow-peaks. As
for the different bead colours, the glow-peaks at different doses showed a variation in
the fading fits that would best correlate the fading effect. For the 1st glow-peak a 3rd
order polynomial best describes the data. However, the best fit for the 2nd glow-peak
of the 50 kGy was found to be the 2nd order polynomial, showing compliance similar
to that of the Pink beads. This suggests that the fading can depend on dose if the
glow-peak is not saturated as the 1st glow-peak shows a constant fit, where as the 2nd
glow-peak shows a change in the fit applied dependent on the dose. Saturation of the
filling of a glow-peaks electron traps or recombination centres forcing other
mechanisms to occur, i.e. higher energy recombination, resulting in higher
temperature glow-peaks.
8.10 Residual Dosimetry
Section 7.4:
Glow-curves of residual TL readouts showed a shifted TL peak to a higher temperature,
suggesting that the glow-peaks observed in residual TL readouts require a higher E
for thermoluminescence to occur, Figure 7.25. The example in Figure 7.25 also shows
a decrease in TL response in 2 orders of magnitude.
Residual TL response were identified by calculating the Signal to Noise Ratio (SNR)
of the beads using the lower detection limit as the constant for each ratio. Beads that
showed identifiable glow-peaks had SNR >2.
8.10.1 Dose Response
Section 7.4.1:
It has been determined that the rate of change of the residual TL response with respect
to dose is very similar to that for the TL response for the 1st readout after irradiation,
as the value for coefficient BR for residual readouts is similar in value to that of b for
the 1st readout when studying Pink and Frosted beads.
The variation in values of BR for the ts,2 studies, 52.87 % and 19.32 %, were
smaller than those for the ts,1 studies, 157.1 % and 56.04 %, for Pink and Frosted
beads respectively. This suggested that the TL response produced when varying ts,2
results in a more compliant data set to the fits described by Equations 4.13 & 4.14,
than that when varying ts,1.
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8.10.1.1 3 weeks ≤ ts ≤ 16 months
Section 7.4.1.1:
In this section 5 doses were readout at 5 different time intervals as detailed in
Table 7.1. The only bead colours that showed a residual TL response for all doses
were the Pink, Frosted and Rose beads. Bead colours that showed residual TL
response for some doses were Red, Blue, Topaz and Lilac, as only some doses produced
TL responses for these bead colours they were not fitted with dose correlations due to
the lack of data points. The data suggested that the rate at which the TL response
varies with respect to dose does not have a significant dependence on the ts,1 period
and that the values of BR for the Pink and Frosted data sets also show an agreement
with that of the fits applied to the ts,1 = 3 week, ts,2 = 1 month fits.
8.10.1.2 3 months ≤ ts ≤ 12 months
Section 7.4.1.2:
The only beads identified to have sufficient SNRs for analysis were the Pink and
Frosted beads. The same dose fit applied to the 1st readout in Section 7.1.2 was
applied to these bead colours for all ts,2 periods, with the exponential for doses ≤
50 kGy and linear decrease for doses ≥ 50 kGy. Pink beads showed a variation in the
rate at which the TL response plateaus with respect to dose, measured by coefficient
BR , of 52.87 % across all ts,2 periods, where as for Frosted beads this was measured to
be 19.32 %. These coefficients were of similar magnitude to values of B calculated in
the dose curves of the 1st readout of beads, Section 7.1.2, though a change in the
values is observed.
8.10.2 Fading
Section 7.4.2:
The fading of residual dosimetry was studied by varying the 1st storage time as the
time between irradiation and 1st readout, ts,1, and the 2nd storage time as the time
between the 1st readout and 2nd readout, ts,2.
After evaluating the fading of both studies, it is apparent that the fit applied in
Section7.3 by the 2nd order polynomial defined by Equation 4.20 is not suitable for all
bead colours and doses. It is possible that the fading effect varies depending on the
variation in the fading time, i.e. ts,1 or ts,2 as well as the bead colour and irradiated
dose. Evidence supporting this suggestion is the change in the glow-curve for residual
readouts, with a higher E than that of TL readouts after irradiation. Further evidence
is suggested in the following summaries.
8.10.2.1 3 weeks ≤ ts,1 ≤ 16 months
Section 7.4.2.1:
For the fading of the ts,1, the time period studied was 3 weeks ≤ ts,1 ≤ 16 months,
showed only Pink, Frosted and Rose beads produce residual TL responses for all doses.
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The fading fits applied were the same 2nd and 3rd order polynomial fits applied to the
fading studies in Section 7.3.
For the 2nd order polynomial the compliance of the data to this fit was
significantly poorer than the results of the fading study, with Pink beads showing the
best compliance to the fit across all doses, with 0.577 ≤ R2 ≤ 0.947. Data for the Rose
beads at doses 5 kGy and 150 kGy showed the single best compliance to the data with
R62 values of 0.995 and 0.975 respectively. However, Rose beads irradiated to 1 kGy
also showed the poorest fit to the fading fit with an R62 value of -0.243. Other beads
that produced residual TL response for fading analysis were Red, Blue and Topaz
beads in the dose ranges of 5 - 250 kGy for Red beads and 150 & 250 kGy beads for
Blue and Topaz beads. For these bead colours same data sets were reduced to 4 ts,1 as
a significant glow-curve was not identified for ts,1 = 16 months.
However, for the 3rd order polynomial fit, similar R2 values than those produced for
the fading study of the first TL readout were produced. As some bead colours did not
produce significant SNRs for all doses and ts,2 periods some fits did not produce an r2
value and the uncertainty in the calculated coefficients is significantly large, especially
when compared to the uncertainty in the coefficients of the 2nd order polynomial fit.
8.10.2.2 3 months ≤ ts,2 ≤ 12 months
Section 7.4.2.2:
The fading of the ts,2 was analysed for Pink and Frosted beads for all doses and Rose
and Red beads for doses ≥ 5 kGy and ≥ 50 kGy respectively. The results displayed
in Figure 7.30, showed an oscillation in the residual TL response with a minimum at
ts,2 = 6 months and a maximum at ts,2 = 12 months.
These fading plots revealed a consistent correlation across all beads and doses that
did not fit with the 2nd order polynomial applied to the ts,1 studies, hence only the 3rd
order polynomial. It should be noted that this is not a proposed characterisation of the
fading occurring but an attempt to fit the current data set as the degrees of freedom
are not sufficient to apply a confident plot; this is reflected by the lack of uncertainty
in the coefficients and R2 values for these fits, unable to be calculated as the number
of coefficients is equal to that of the number of data points to be fitted. Suggestions for
the validation of this method and further investigations are presented in Section 9.9.
8.11 Highlights
The work presented shows an extensive study into the robustness of the
thermoluminescent phenomenon observed in glass beads as well as their suitability
as a dosemeter for varying dose ranges and radiation sources.
It was found that the bead colour that produced the best adherence to fits applied
was the Pink beads. A desirable TL response is produced in the range of 5-20 Gy beta
irradiation and 1-250 kGy Alurtron irradiation, with good adherence to the fading plots
applied, exponential decay and modified 2nd order polynomial fit for both beta and
Alurtron irradiation respectively.
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For the high dose studies, irradiated by the Alurtron facility, it was observed that
the colour of the bead changed with increasing dose. Current work has attempted to
characterise this change in colour for Pink beads with the potential to aid in
determining the dose on the dose curves established for this region. Characterising
this difference was achieved by evaluating the differential of the transmission
spectrum with respect to the wavelength, for several doses. The results from this
avenue of work have the potential to lead to an innovative dosemetry technique based
on optical characterisation of radiation damage to a material.
Comparing results across studies showed an alignment in the results of the dose
producing the maximum TL response in the Pink dose response fitting and the biggest
difference in the differential of the transmisison spectrum with respect to wavelength
between 300 nm and 800 nm, also reached maximum at 50 kGy. It is likley that for
doses ≥ 50 kGy radiation damage is occuring with a reversing affect, such that an
annelaing affect on the already filled electron traps occurs gradually reducing the TL
response and the differential of the transmission spectrum continues to decrease; or
the reduction in TL respsone could be due to an increase in the absorbption of the light
emitted in the TL process.
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Chapter 9
Further Work
This chapter summarises the possibilities identified for future work, elaborating on
current investigations and theories or an attempt to improve and develop a technique
or system. The categories are intended to assist in the possible application or identify
the area for improvement with ease.
9.1 Bead Composition
9.1.1 SEM, EDS, WDS
Further EDS and WDS scans are required to identify the elements that attribute to
the colour of the Red, Topaz, Blue and Rose beads. The addition of comprehensive
investigations using the SEM facility may be able to identify the artefacts observed
in some beads, combining this with EDS could determine whether the distribution of
colour causing dopants is uniform throughout different beads.
9.1.2 Spectrophotometer Studies
9.1.2.1 Experimental Technique
Though data is able to be gathered, analysed and compared using the current
experimental technique, it would be beneficial for a more precise technique to be
established to irradicate the shift of the transmission % for different bead
orientations. Reducing this uncertainty would lead to better characterisation of the
absorption occurring for overlapping absorption bands for different colours and may
be able to shed light on the contribution attenuation has with varying TL responses
for different bead colours. This will also lead to more accurate comparisons of the
colour change by dose, with the potential to ultimately reduce the limit of determining
deferences between spectra of different doses.
This could be achieved by cutting the beads to produce a flat surface, if the shift
in transmission % is due to refraction, performing these studies with flat beads should
reduce this refraction considerably.
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9.1.2.2 Colour Change with Dose
At present, only two analysis techniques have been applied to a limited set of data; the
spectra itself and the derivative with respect to wavelength. Though these techniques
are likely to improve with improvements made to the experimental technique, other
analysis methods could be explored to further characterise differences in the spectra
with increasing dose.
9.2 Detector Calibration
It has been discussed in this work that the TL response can hugely vary depending on
the bead colour and dose range. In such cases, for high doses and bead colours
demonstrating high TL response required the use of filters during the TL readout,
however the same beads at low doses require no filters to be used to detect enough
counts to produce a glow-curve. A calculation of a conversion constant for the TL
response when using filters and without would be beneficial so a direct comparison for
the TL response of different TLDs or the same TLD at different doses can be made.
This will make a smooth transitional and larger database for the relative comparison
of TL responses.
A calibration of the difference in using the filters will also facilitate the comparison
of Lime and Green glow-curves to other bead colours.
9.3 Electron Traps
The suggestion of Phototransfered Thermoluminescence (PPTL) investigations would
aid the determination of dose at high-dose levels after the absorbed saturation in the
Pink, Frosted and Rose beads; as this will induce the transfer of deep traps into
shallower thermally active traps by applying UV light to the diosemeter. Combining
PPTL studies with the Tstop method of glow-peak separation, Section 4.2.1.1, will give
a clearer insight into the traps available in the beads and a clearer idea of the
glow-peaks in the glow-curves.
9.4 Glow-curve Analysis
9.4.1 Peak Analysis
Further work into the identification of glow-peaks could open avenues for several
studies. By deconvolving the glow-curves produced by all bead colours, individual
glow-peaks can be identified. This can lead to the calculation of several TL
parameters such as the order of kinetics, activation energy and pre-exponential factor,
as done in these studies, and further variables.
The behaviour of the glow-peaks between different colours could also be analysed
in an attempt to group recombination processes to bead colours and possibly material
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composition. The population of recombination processes with increasing dose could
also be analysed more thoroughly, this could lead to a better understanding of which
processes dominate at which doses and whether this due to or associated with radiation
damage. Further, this could identify the creation of new traps or recombination centres
due to radiation damage above threshold doses yet to be identified.
9.4.2 Order of Kinetics
It is recommended that more than one technique be used for the calculation of the
order of kinetics due to the findings of the evaluation of the Kirsh method presented in
Section 4. Other possible methods are the isothermal decay method, which were not
possible with the set up of the high dose studies; beta irradiation studies would not be
suitable while continuing with the current experimental set-up due to the background
luminescence of the planchet. Further limitations of beta irradiation could include the
signal to noise ratio being too low for an accurate decay as no filters would be able to
be used due to the small number of counts. In this circumstance Alurtron irradiations
would be the preferred irradiation with the use of filters to eradicate the luminescence
due to the heating of the planchet.
9.4.3 Frequency Factor, s
A more accurate value of the pre-exponential factor s can be determined by the
deconvolution of peaks and an availability to a larger data-set of glow-curves. The
validity of s could also be improved by adopting further techniques for analysing this
quantity, some of which were not possible in these studies, refer to Furetta (2003) for
more information.
The calculation of s for different glow-peaks in a glow-curve, as well as different
bead colours would aid in the understanding of different glow-curve shapes and TL
responses from different bead colours. This may help further identify whether a
difference in TL response arises from the probability of recombination or self
attenuation in different coloured beads.
9.5 Reproducibility
Glass beads have shown the potential for producing a reproducible TL response, though
due to the sensitization effect observed more data is needed to study the extent of the
effect. Using methods similar to those in other studies for observing the change in the
TL response for; a range of pre-annealing doses (Jain et al., 1975) and delays between
irradiation and readout, both over a range of doses (Cameron, 1968) and for a number
of irradiation cycles Sadeghi et al. (2015) a greater understanding and consideration of
the sensitization effect can be achieved.
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9.6 Dose Response
9.6.1 Glow-peak Ratios
Extending this study to all bead colours would give a further insight into the
recombination processes occurring with different doses. Also mentioned briefly in
Section 7.1.2.1, is the extension of the dose range the beads are exposed to and
reading out the bead with different heat-cycles with higher final temperatures.
Using different heat-cycles will produce a more complete 2nd glow-peak for, at the
least, Red beads and could lead to the discovery of higher energy recombination
processes occurring within beads. The deconvolution of glow-curves will also assist in
the identification of different glow-peaks in the glow-curves for an understanding of
the recombination processes occurring during heating. Exposing the beads to higher
doses would either lead to the population of higher energy recombination centres or
could cause radiation damage, further effecting the process that can occur in the bead
by destroying or creating new electron traps and/or recombination centres.
9.7 Fading
The main area for further work relating to these studies would involve more readouts
in the period studied as well as extending the range of ts investigated. The increased
number of data points in the current fading period investigated would verify the
varying fits proposed for different bead colours (and possibly doses), supporting the
theory that the fading affect can be dependent on bead colour; either due to the
susceptibility of recombination processes during storage, the attenuation due to the
colour of the bead or a combination of the two.
9.7.1 Glow-peak Ratios
As the glow-curves in the studies herein have not undergone deconvolution, a useful
study would involve the study of the fading of individual glow-peaks of different bead
colours and doses after decovolution. This will also be aided by more studies into the
activation energy, E, required for specific glow-peaks, as well as their respective mean
life, τ, or half life, t1/2, to evaluate the processes occurring at different ts read-outs.
9.8 Neutron Response
As these results were preliminary there is significant further work that could be done.
Firstly, larger sample sets read-out by a variety of heat cycles would be proposed in an
attempt to comprehend the; recombination processes, glow-peaks and glow-curves, as
well as the calculation of the activation energy and other TL parameters, specifically
in response to neutron irradiation.
The above suggestions could be applied to a variety of bead colours that contain
different dopants and therefore could need to be calibrated to different irradiation
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sources; neutron only or neutron and photons. For dosemeter studies all of the
studies, with the possible introduction of others (Furetta, 2003), detailed in Chapter 7
and bead homogeneity should be investigated.
As discussed in all sections regarding neutron irradiation, Red beads were found to
be radioactive after the neutron exposure due to Zinc. This effect could have caused
a phenomenon known as self-dose, where a dosemeter emits radiation itself and can
contribute to the TL response when read-out. More thorough investigations into the
effect of the secondary doses would be needed to calibrate these beads.
9.9 Residual Dosemetry
The deconvolution of the 1st TL readout glow-curve will aid the the identification of the
glow-curve observed in the residual glow-curve; a comparison of these deconvloutions
will show the individual glow-peaks that occur in both the 1st and residual glow-curves.
Without this deconvolution it appears that the glow-peaks obtained in the residual
dosemetry studies had shifted to a higher temperature when compared with those of
the 1st TL readout. To further understand and characterise the glow-peak parameters
of the residual TL response glow-curves readouts with higher final temperatures T f
are required.
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Glossary
pi electronic structure is constructed of p electron sub-orbitals overlapping one
another.
Athermal describes a process with an absence of heat or no temperature change.
Chemiluminescence occurs due to impurities on the surface of a TLD, most
commonly oxidation, where the impurities are excited and produce a signal that is
superposed with the signal induced by radiation.
Debye frequency , ωD , is the maximum frequency the Debye model holds to (Hadley,
n.d.).
Emissivity is defined as the ratio of the energy radiated from a material’s surface to
that radiated from a blackbody (a perfect emitter) at the same temperature and
wavelength and under the same viewing conditions (National Physics Laboratory,
2007).
Interstitial Oxygen describes defects formed due to excess oxygen in silica, which are
commonly present.
In vivo a process taking place on or in a living organism
Local ordering A scale of measurement when discussing the structure of a material,
it refers to a short range in a large structure. Normally referring to distances larger
than 10 Å and to the order of several atoms past neighbouring atoms.
Metastable state A state that is excited from the original position of the lepton but
stable for the lepton to exist here. OR Different energy levels may be present in the
forbidden gap to produce a platform for electron trapping, levels existing here are
metastable states (Furetta, 2003).
Microdosimetry is the study of energy imparted in a macroscopic volume due to a
single ionising particle by either theoretical or experimental investigation.
Saturation The point to which a detector or responsive material can no longer record
a response to a stimuli.
Spurious Thermoluminescence This is an affect than can come in the form of
chemiluminescence or triboluminescence.
Standard an accepted constant or well investigated material that can be used as a
control to compare standards and performance
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Triboluminescence is luminescence stimulated by mechanical stress. This
phenomenon is more evident in powdered TLDs rather than solids and resolved by
heating in an oxygen-free atmosphere, usually by substituting for an inert gas.
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Acronyms
CB Conduction Band
CT Computed Tomography
KERMA Kinetic Energy Release in Medium
LET Linear Energy Transfer
MOFEST Metal Oxide Semiconductor Filed Effect Transistor
MOS Metal-Oxide-Semiconductor
NBOHC Non-Bridging Oxygen Hole Centres
ODCS Oxygen Deficiency Centres
OSL Optically Stimulated Luminescence
PET Positron Emission Tomography
PPTL Phototransfered Thermoluminescence
RL Radio-Luminescence
STE Self Trapped Excitations
TLD Thermo-luminescent Dosimeter
VB Valence Band
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RADIATION DOSIMETRY HAS NEVER LOOKED SO STYLISH:
GLASS JEWELLERY BEADS AS THERMOLUMINESCENT 
DOSIMETERS.
(3.)
(4.)
K. Ley(1), S. A. Hashim(2), A. Lohstroh(1), C. Shenton-Taylor(1), D.A. Bradley(3)
(1) Department of Physics, University of Surrey, Guildford, Surrey, GU2 7XH, UK (Member of SEPnet), (2) Malaysia Nuclear Agency, Bangi, 43000 Kajang, Selangor, Malaysia, (3) Sunway University, Centre for Biomedical 
Science, 47500 Subang Jaya, Selangor, Malaysia
Practical, stylish and pretty, glass jewellery beads are a smart new way to measure radiation in a technique known as dosimetry. Dosimetry measures the 
radiation dose an individual or material is exposed to, for example when a medical X-ray image is taken. Accurate measurements of radiation doses are 
important for safety, particularly for those working near radiation sources in hospitals, measuring environmental radiation or investigating radiation levels after 
an accident. Dosimeters are used to quantify or measure the dose of radiation something or someone has been exposed to.
• Small/can be easily stored – strung to give high spatial resolution of an area
• They don’t easily react with water, making them appropriate for use in warm 
and humid environments.
• Batched produced so are very cheap and can be re-used.
Process of Thermoluminescence
1. Dosimeter is exposed to 
radiation – interactions on an 
atomic level.
2. Dosimeter is removed from 
radiation and kept in stable 
conditions.
3. Dosimeter is heated in the 
presence of a light sensitive 
detector.
4. At certain temperatures, light 
emits from the dosimeter. 
Quantity of light released is 
proportional to the intensity of 
radiation during exposure.
Thermoluminescence is a well-established dosimetry technique; it is a process 
where radiation changes a material in a way that triggers the material to emit 
light, when heated. Excitingly, glass beads exhibit this property too and can 
thus be used to measure radiation dose.
0.1µGy 1kGy
Radioactive 
sodium in 
bananas [3]
Irradiation of 
food for 
sterilisation [6]
0.5mGy
Dose received from a 
dental x-ray [4]
x 5,000
10Gy
x 10x 100
Dose delivered for 
cancer treatments [5]
[1] Digital Dental X Rays, accessed: 12/2/2019, https://www.feistdental.com/digital-dental-x-rays/, [2] Breast Cancer Care, accessed: 12/2/2019, https://www.breastcancercare.org.uk/about-us/news-personal-stories/five-tips-coping-breast-
radiotherapy, [3] Banana Equivalent Dose, Dan Protopopescu, P2 Nuclear and Par-cle Physics, accessed: 14/2/2019, https://www.ppe.gla.ac.uk/~protopop/teaching/NPP/P2-NPP.pdf, [4] Radiation doses in dental radiology, IAEA, accessed: 12/2/2019, 
https://www.iaea.org/resources/rpop/health-professionals/dentistry/radiation-doses, [5], [6] IFT., Institute of Food Technologists' Expert Panel on Food Safety and Nutrition, Scietic Status Sum- maries – Food Irradiation J. Food Tech. 52(1), 55-62, 
1998, Accessed online (29/10/2018): http://www.ift.org/~/media/Knowledge%20Center/Science%20Reports/Scientific%20Status%20Summaries/irradiationofood_0198.pdf, [7] Hashim, S.A, Jahar, S., Muhammad, A., Ali, A., Shaei,A.B., Idris, S., 
Maintenance Of The EPS 3000 Electron Beam Machine As Part Of Quality Assurance Program For Irradiation Service At ALURTRON, Nuclear Malaysia SPQI 2012: Quality and Innovation Manage-ment Seminar 2012; Bangi (Malaysia), Date Accesed: 
13/12/2018 https://inis.iaea.org/collection/ NCLCollectionStore/_Public/45/100/45100063. pdf?r=1&r=1 2012.
• Beads also change colour, increasing intensity 
in colour change with increasing dose, seen 
(image below) for 5kGy inside loop, and no 
dose outside loop.
• Measuring change in colour could lead to a 
new dosimetry technique.
[2]
[1]
• A change in response is seen by the change in 
light output from different coloured beads.
• Pink and Frosted beads produce the largest 
amount of light (top right graph).
• Different correlations are observed depending 
on the colour of the bead, seen by comparing 
graphs (graphs in right).
• Data from the Yellow and Topaz best matched 
the fits applied to the data followed by the 
Pink and Frosted beads (bottom right graph).
References:
(Above) A glowcurve is a graph of light intensity 
measured against increasing temperature during 
the heating of a single bead. Glowcurves are 
analysed to give the TL response for a single 
dosimeter.
(1.)
• Recent studies have shown that differently 
coloured glass beads, respond differently to 
radiation. 
• Taken to extreme levels of radiation up to      
250 kGy, using the electron beam in the Alurtron
facility at Malaysia Nuclear Agency [7].
• 250 kGy is roughly equivalent to the radiation 
dose an individual would receive from the 
natural radiation in bananas when eating 250 
billion bananas in one go (approximately a third 
of bananas grown in a year worldwide)[3]!
0.1Gy 100Gy 10kGy
a beautiful necklace might become the future of radiation dosimetry.
Jewellery beads are no longer just a stylish accessory, 
Publications
Ley, K., Jafari, S.M., Lohstroh, A., Shenton-Taylor, C., Bradley, D.A.,
Thermoluminescent response of beta-irradiated silica beads, Radiation Physics and
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https://doi.org/10.1016/j.radphyschem.2018.05.026
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Appendix A
Bead Categorisation
This section shows the bead samples from the manufacturer Toho Japan with the
transparent beads shown onthe following page and the frosted finish on the page
after. Table A.1 shows the Toho Japan code numbers of each bead used in this work,
all of which have 2 mm diameter equating to the 11/0 dimension of the round bead
selection.
Bead Colour Bead Code Description
Blue 8 Transparent Blue
Frosted 1F Transparent Frosted Crystral
Green
72
(possibly 939) Transparent Beach Bottle Green
Lilac 1300 Transparent Alexandrite
Lime 4 Transparent Lime Green
Pink
2216
( possibly 2215 or 2212) Unspecified
Red 25B Silver Lined Siam Ruby
Rose 11F Transparent Frosted Rose
Topaz 2B Transparent Med Topaz
Yellow 12 Transparent Lemon
Table A.1: Table of Toho Japan 11/0 round beads with the manufacturers codes (Toho
Beads, n.d.).
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Appendix B
Additional Images and Graphs
This Appendix encloses the additional graphs to studies presented in Chapters 5, 6 & 7,
divided into relevant sections.
B.1 Bead Composition
B.1.1 SEM
(a) ×700 (b) ×4300
Figure B.1: SEM images at different magnifications showing an imperfection in the
edge of a Blue bead.
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(a) Frosted ×1200 (b) Rose ×20000
Figure B.2: SEM images at different magnifications showing the edge of a (a) Frosted
and (b) Rose bead.
Figure B.3: SEM image of a crack observed at the edge of a Yellow bead.
276
B.1.2 EDS
Figure B.4: EDS scan for a Blue bead to identify the elements and their atomic
percentage within the bead.
Figure B.5: EDS scan for a Frosted bead to identify the elements and their atomic
percentage within the bead.
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Figure B.6: EDS scan for a Green bead to identify the elements and their atomic
percentage within the bead.
Figure B.7: EDS scan for a Lilac bead to identify the elements and their atomic
percentage within the bead.
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Figure B.8: EDS scan for a Lime bead to identify the elements and their atomic
percentage within the bead.
Figure B.9: EDS scan for a Pink bead to identify the elements and their atomic
percentage within the bead.
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Figure B.10: EDS scan for a Red bead to identify the elements and their atomic
percentage within the bead.
Figure B.11: EDS scan for a Rose bead to identify the elements and their atomic
percentage within the bead.
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Figure B.12: EDS scan for a Topaz bead to identify the elements and their atomic
percentage within the bead.
Figure B.13: EDS scan for a Yellow bead to identify the elements and their atomic
percentage within the bead.
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B.1.3 WDS
Figure B.14: WDS scan to determine whether boron is present in a Blue bead.
Figure B.15: WDS scan to determine whether boron is present in a Frosted bead.
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Figure B.16: WDS scan to determine whether boron is present in a Green bead.
Figure B.17: WDS scan to determine whether boron is present in a Lilac bead.
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Figure B.18: WDS scan to determine whether boron is present in a Lime bead.
Figure B.19: WDS scan to determine whether boron is present in a Red bead.
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Figure B.20: WDS scan to determine whether boron is present in a Rose bead.
Figure B.21: WDS scan to determine whether boron is present in a Topaz bead.
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Figure B.22: WDS scan to determine whether boron is present in a Yellow bead.
Figure B.23: WDS scan to determine whether erbium is present in a Pink bead.
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Figure B.24: WDS scan to determine whether holmium is present in a Pink bead.
Figure B.25: WDS scan to show the presence of copper in a Green bead.
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B.2 Dose Response
B.2.1 Beta Sr90/Y90 - Mill Hill (Japan)
(a) Clear (b) Frosted
(c) Clear Petite (d) Pink
(e) Red (f) Light Bronze
Figure B.26: 2nd order polynomial weighted fits applied to the Mill Hill Japan beads to
determine the dose response for 5 to 20 Gy. Coefficients displayed in Table 7.3
288
(g) Blue (h) Dark Blue
(i) Green
Figure B.26: 2nd order polynomial weighted fits applied to the Mill Hill Japan beads to
determine the dose response for 5 to 20 Gy. Coefficients displayed in Table 7.3.
B.3 Fading
B.3.1 Alurtron
Figure B.27 shows the additional graphs for all doses in the Fading study of Alurtron
irradiations for 3 weeks ≤ ts ≤ 16 months.
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(a) Topaz (b) Yellow
(c) Lime (d) Green
290
(e) Blue (f) Lilac
(g) Rose (h) Frosted
Figure B.27: The average Mass Normalised TL response for all bead colours as a
function of dose and storage time, ts. Errors calculated by the error in the mean.
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B.3.2 2rd Order Polynomial Fitting
Coefficients displayed in Table 7.13.
(a) 1 kGy (b) 5 kGy
(c) 50 kGy (d) 150 kGy
(e) 250 kGy
Figure B.28: Weighted 2rd order polynomial fit defined by Equation 4.20, applied to the
average Mass Normalised TL response for Pink beads as a function of storage time, ts.
Errors calculated by the error in the mean.
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(a) 1 kGy (b) 5 kGy
(c) 50 kGy (d) 150 kGy
(e) 250 kGy
Figure B.29: Weighted 2rd order polynomial fit defined by Equation 4.20, applied to
the average Mass Normalised TL response for Red beads as a function of storage time,
ts. Errors calculated by the error in the mean.
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(a) 1 kGy (b) 5 kGy
(c) 50 kGy (d) 150 kGy
(e) 250 kGy
Figure B.30: Weighted 2rd order polynomial fit defined by Equation 4.20, applied to the
average Mass Normalised TL response for Topaz beads as a function of storage time,
ts. Errors calculated by the error in the mean.
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(a) 1 kGy (b) 5 kGy
(c) 50 kGy (d) 150 kGy
(e) 250 kGy
Figure B.31: Weighted 2rd order polynomial fit defined by Equation 4.20, applied to the
average Mass Normalised TL response for Yellow beads as a function of storage time,
ts. Errors calculated by the error in the mean.
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(a) 1 kGy (b) 5 kGy
(c) 50 kGy (d) 150 kGy
(e) 250 kGy
Figure B.32: Weighted 2rd order polynomial fit defined by Equation 4.20, applied to the
average Mass Normalised TL response for Blue beads as a function of storage time, ts.
Errors calculated by the error in the mean.
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(a) 1 kGy (b) 5 kGy
(c) 50 kGy (d) 150 kGy
(e) 250 kGy
Figure B.33: Weighted 2rd order polynomial fit defined by Equation 4.20, applied to the
average Mass Normalised TL response for Lilac beads as a function of storage time, ts.
Errors calculated by the error in the mean.
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(a) 1 kGy (b) 5 kGy
(c) 50 kGy (d) 150 kGy
(e) 250 kGy
Figure B.34: Weighted 2rd order polynomial fit defined by Equation 4.20, applied to the
average Mass Normalised TL response for Rose beads as a function of storage time, ts.
Errors calculated by the error in the mean.
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(a) 1 kGy (b) 5 kGy
(c) 50 kGy (d) 150 kGy
(e) 250 kGy
Figure B.35: Weighted 2rd order polynomial fit defined by Equation 4.20, applied to
the average Mass Normalised TL response for Frosted beads as a function of storage
time, ts. Errors calculated by the error in the mean.
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B.3.3 3rd Order Polynomial Fitting
Coefficients displayed in Table 7.13.
(a) 1 kGy (b) 5 kGy
(c) 50 kGy (d) 150 kGy
(e) 250 kGy
Figure B.36: Weighted 3rd order polynomial fit defined by Equation 4.21, applied to the
average Mass Normalised TL response for Pink beads as a function of storage time, ts.
Errors calculated by the error in the mean.
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(a) 1 kGy (b) 5 kGy
(c) 50 kGy (d) 150 kGy
(e) 250 kGy
Figure B.37: Weighted 3rd order polynomial fit defined by Equation 4.21, applied to
the average Mass Normalised TL response for Red beads as a function of storage time,
ts. Errors calculated by the error in the mean.
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(a) 1 kGy (b) 5 kGy
(c) 50 kGy (d) 150 kGy
(e) 250 kGy
Figure B.38: Weighted 3rd order polynomial fit defined by Equation 4.21, applied to the
average Mass Normalised TL response for Topaz beads as a function of storage time,
ts. Errors calculated by the error in the mean.
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(a) 1 kGy (b) 5 kGy
(c) 50 kGy (d) 150 kGy
(e) 250 kGy
Figure B.39: Weighted 3rd order polynomial fit defined by Equation 4.21, applied to the
average Mass Normalised TL response for Yellow beads as a function of storage time,
ts. Errors calculated by the error in the mean.
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(a) 1 kGy (b) 5 kGy
(c) 50 kGy (d) 150 kGy
(e) 250 kGy
Figure B.40: Weighted 3rd order polynomial fit defined by Equation 4.21, applied to the
average Mass Normalised TL response for Blue beads as a function of storage time, ts.
Errors calculated by the error in the mean.
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(a) 1 kGy (b) 5 kGy
(c) 50 kGy (d) 150 kGy
(e) 250 kGy
Figure B.41: Weighted 3rd order polynomial fit defined by Equation 4.21, applied to the
average Mass Normalised TL response for Lilac beads as a function of storage time, ts.
Errors calculated by the error in the mean.
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(a) 1 kGy (b) 5 kGy
(c) 50 kGy (d) 150 kGy
(e) 250 kGy
Figure B.42: Weighted 3rd order polynomial fit defined by Equation 4.21, applied to the
average Mass Normalised TL response for Rose beads as a function of storage time, ts.
Errors calculated by the error in the mean.
306
(a) 1 kGy (b) 5 kGy
(c) 50 kGy (d) 150 kGy
(e) 250 kGy
Figure B.43: Weighted 3rd order polynomial fit defined by Equation 4.21, applied to
the average Mass Normalised TL response for Frosted beads as a function of storage
time, ts. Errors calculated by the error in the mean.
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B.3.3.1 Glow-peak Fits
(a) 50 kGy: 1st Peak (b) 50 kGy: 2nd Peak
(c) 150 kGy: 1st Peak (d) 150 kGy: 2nd Peak
(e) 250 kGy: 1st Peak (f) 250 kGy: 2nd Peak
Figure B.44: 2nd order polynomial fit applied to 1st and 2nd glow-peak of Red beads for
different doses, producing the coefficients displayed in Table 7.17.
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(a) 50 kGy: 1st Peak (b) 50 kGy: 2nd Peak
(c) 150 kGy: 1st Peak (d) 150 kGy: 2nd Peak
(e) 250 kGy: 1st Peak (f) 250 kGy: 2nd Peak
Figure B.45: 3rd order polynomial fit applied to 1st and 2nd glow-peak of Red beads for
different doses, producing the coefficients displayed in Table 7.17.
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B.4 Residual Dosimetry
B.4.1 Dose Response
B.4.1.1 3 weeks ≤ ts,1 ≤ 16 months, ts,2 =1 week
(a) ts,1=3 months. (b) ts,1=6 months.
(c) ts,1=9 months. (d) ts,1=12 months.
(e) ts,1=16 months.
Figure B.46: ts,1 dose response fits for Frosted beads, coefficients shown in Table 7.21.
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(a) ts,1=3 months. (b) ts,1=6 months.
(c) ts,1=9 months. (d) ts,1=12 months.
(e) ts,1=16 months.
Figure B.47: ts,1 dose response fits for Pink beads, coefficients shown in Table 7.21.
311
(a) ts,1=3 months. (b) ts,1=6 months.
(c) ts,1=9 months. (d) ts,1=12 months.
(e) ts,1=16 months.
Figure B.48: ts,1 dose response fits for Rose beads, coefficients shown in Table 7.21.
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B.4.1.2 3 months ≤ ts,2 ≤ 12 months, ts,1 =10-11 weeks
The following graphs show plots with coefficients noted in Table 7.22.
(a) ts,2=3 months. (b) ts,2=6 months.
(c) ts,2=9 months. (d) ts,2=12 months.
Figure B.49: ts,2 dose response fits for Frosted beads, coefficients shown in Table 7.22.
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(a) ts,2=3 months. (b) ts,2=6 months.
(c) ts,2=9 months. (d) ts,2=12 months.
Figure B.50: ts,2 dose response fits for Pink beads, coefficients shown in Table 7.22.
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B.4.2 Fading
B.4.2.1 3 weeks ≥ ts,1 ≥ 16 months, ts,2 =1 week
The following graphs show plots with coefficients noted in Table 7.25 & 7.26.
(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.51: Fit comparison for Blue beads irradiated with 150 kGy.
(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.52: Fit comparison for Blue beads irradiated with 150 kGy.
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(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.53: Fit comparison for Blue beads irradiated with 250 kGy.
(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.54: Fit comparison for Frosted beads irradiated with 1 kGy.
(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.55: Fit comparison for Frosted beads irradiated with 5 kGy.
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(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.56: Fit comparison for Frosted beads irradiated with 50 kGy.
(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.57: Fit comparison for Frosted beads irradiated with 150 kGy.
(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.58: Fit comparison for Frosted beads irradiated with 250 kGy.
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(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.59: Fit comparison for Pink beads irradiated with 1 kGy.
(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.60: Fit comparison for Pink beads irradiated with 5 kGy.
(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.61: Fit comparison for Pink beads irradiated with 50 kGy.
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(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.62: Fit comparison for Pink beads irradiated with 150 kGy.
(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.63: Fit comparison for Pink beads irradiated with 250 kGy.
(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.64: Fit comparison for Red beads irradiated with 50 kGy.
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(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.65: Fit comparison for Red beads irradiated with 150 kGy.
(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.66: Fit comparison for Red beads irradiated with 250 kGy.
(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.67: Fit comparison for Rose beads irradiated with 1 kGy.
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(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.68: Fit comparison for Rose beads irradiated with 5 kGy.
(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.69: Fit comparison for Rose beads irradiated with 50 kGy.
(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.70: Fit comparison for Rose beads irradiated with 150 kGy.
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(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.71: Fit comparison for Rose beads irradiated with 250 kGy.
(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.72: Fit comparison for Topaz beads irradiated with 150 kGy.
(a) 2nd order polynomial fit. (b) 3rd order polynomial fit.
Figure B.73: Fit comparison for Topaz beads irradiated with 250 kGy.
322
B.4.2.2 3 months ≥ ts,2 ≥ 12 months, ts,1 =10-11 weeks
The following graphs show plots with coefficients noted in Table 7.27.
(a) 1 kGy. (b) 5 kGy.
(c) 50 kGy. (d) 150 kGy.
(e) 250 kGy.
Figure B.74: 3rd order polynomial fit for Frosted beads for fading of ts,2 for different
doses.
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(a) 1 kGy. (b) 5 kGy.
(c) 50 kGy. (d) 150 kGy.
(e) 250 kGy.
Figure B.75: 3rd order polynomial fit for Pink beads for fading of ts,2 for different doses.
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(a) 50 kGy. (b) 150 kGy.
(c) 250 kGy.
Figure B.76: 3rd order polynomial fit for Red beads for fading of ts,2 for different doses.
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(a) 50 kGy. (b) 150 kGy.
(c) 250 kGy.
Figure B.77: 3rd order polynomial fit for Rose beads for fading of ts,2 for different doses.
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Appendix C
Code
C.1 Spectrophotometer Data Analysis
C.1.1 Correction Function for Spectra Step Artefacts
function [new_spectra_data]=spectra_fix(x,spectra_data)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%Spectra Fix function
% Written by Katie Ley, University odf Surrey 04/06/2019
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%This function looks at particular wavelengths set by the user
%and adjusts the spectra by normalising to the lower
%wavelengths (as a default), this is done using the flipud
%function in lines 29 and 30, if it is required to
%normalise form the larger wavelengths of the spectra, comment
%lines 30 and 31 and uncomment lines 31 and 32.
%To customise how many steps there are to correct please uncomment
%the lines below (18-23) and comment out lines 25-27.
%disp(’How many steps are visible.’);
%prompt=’change of detector/source/filter?’;
%no_of_changes=input(prompt);
% for i=1:no_of_changes;
% prompt=’Please enter the wavelength of the change:’
% change_over(i,1)=input(prompt);
%
% end
no_of_changes=2;
change_over(1,1)=350;
change_over(2,1)=800;
new_spectra_data=flipud(spectra_data);
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wavelength=flipud(x);
%new_spectra_data=spectra_data;
%wavelength=x;
for i=1:no_of_changes;
marker(i,1)=find(wavelength==change_over(i,1));
change(i,1)=new_spectra_data(marker(i,1),1) - ...
new_spectra_data(marker(i,1)-1,1);
new_spectra_data(marker(i,1):end)=new_spectra_data(marker(i,1):end)...
-change(i,1);
end
end
C.1.1.1 Glow-peak Identification and Ratio Calculation
%% glowcurve_peak_ratois.m Katie Ley 08/09/2019
%
%Created to identify the peaks of a glowcurve set ’gc’
%and calculated the ratio of the peak heigt ’ratio’.
%Then to calculate the mean, stdev and error in the mean.
%This is only designed for two peaks 1st and the end
%peak (2nd). findpeaks can be refined by changing the
%function to
%findpeaks(yy,x,’MinPeakHeight’,1000,’MinPeakWidth’,10)
%to eliminate the identification of small peaks, however
%at low doses these peaks could be ignored while using this setting.
[m,n]=size(gc);
for k=1:n;
y=gc(:,k);
yy=smooth(y);
[pk, ~]=findpeaks(yy,x,’MinPeakHeight’,1000)
ratio(k)=pk(1)/pk(end);
end
avg_r=mean(ratio);
stddev_r=std(ratio);
eim_r=100*(stddev_r/n)/avg_r;
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C.2 Plotting and Visualisation of Data Functions
C.2.1 Function for plotting a weighted fit to data and shaded
confidence bounds with errorbars
function [coefficients,weighted_coeff,r2]=...
weighted_fit_plot(x,y,errors,x_name,y_name,name,graph_switch)
% You can change the fit type and model function on lines 32 and 40
% prompt=’Please enter the name of the x-
axis with units in brackets():’;
% x_name=input(prompt,’s’);
%
% prompt=’Please enter the name of the y-
axis with units in brackets():’;
% y_name=input(prompt,’s’);
%Ensures that the formatting for the equations is correct
[mx,nx] = size(x);
[my,ny] = size(y);
[me,ne] = size(errors);
if mx < nx
x=x’;
else
end
if my < ny
y=y’;
else
end
if me < ne
errors=errors’;
else
end
%Calculates the given fit - can change this by changing the
cf = fit(x,y,’poly2’);
coefficients = coeffvalues(cf);
exp_coeffs = coefficients(:,:);
b1=coefficients(:,:);
xbuffer=linspace(0,x(end,1),100)’;
%This model function can be changed -
make sure there are a sufficient
%number of start variables for this to be executed
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modelFun = @(b,x) b(1)*x.^2 + b(2)*x +b(3);
%The line below neds editing if the Model function is changed
%start defines the start coefficient values, there should be the same
%number of arguments here than the number required in the model function
start= [exp_coeffs(1,1); exp_coeffs(1,2); exp_coeffs(1,3);];
%Weighted function
wlm = fitnlm(x,y,modelFun,start,’Weight’,errors);
%Weighted coeeficients
weighted_coeff= table2array(wlm.Coefficients(:,:));
r2 = wlm.Rsquared.Adjusted;
%Bounds for the shaded plots
[ypred(:,1),ypredci(:,:)] = predict(wlm,xbuffer,...
’Simultaneous’,true);
filename=strcat(’Weighted_fit_’,name);
%Plotting for the figure
if graph_switch==0
figure(’Name’,filename,’NumberTitle’,’off’);
shadedplot(xbuffer,ypredci(:,1)’,ypredci(:,2)’,[.83 .82 .78]);
hold on
e=errorbar(x,y,errors(:),’b*’);
plot(xbuffer,ypred(:,1),’r-’, xbuffer,ypredci(:,:,1),’r:’);
xlabel(x_name);
ylabel(y_name);
hold off
elseif graph_switch==1
else
disp(’Please ensure to enter 0 or 1 for the Graph option’)
end
end
C.2.2 Function for creating grouped bar chart with error bars
function groupederrorbars(x,y,er)
figure
z=bar(y);
Xa1=[];
for j=1:length(z)
Xa1=[Xa1;z(j).XData+z(j).XOffset];
end
Xa1=Xa1.’;
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hold on % so can add to bar plot
hEB1=errorbar(Xa1,y,er,’LineStyle’,’none’); % add error bars
hold off
set(gca,’XTickLabel’,x)
end
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